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?1?
??
1.1 ??????
1924??Bose?????????, ??????????????????????
? Planck????????? [1]. Bose????????? Einstein? 1925?? Bose-
Einstein???BE????????????? [2]. Einstein????? BE?????
???? Bose??????????????????????????????, ??
????????????????????????????. BE?????????
??????? 4He??????????. ??? 4He?????????????, ?
??????????????????????. ???, ????? BE??????
???? T ' 0K???? 100%?????????????, ?? 4He?? 10%???
??.
Einstein????? 70???? 1995??????????? BE????????
[3, 4]. ??????? BE????????????????????. Doppler???
?????????????????????, ??????????????????
??????????. ????????????????? ¹K??????????
????????BE?????????????. ????????????? time of
ﬂight??????????????. ??????????????????????
????????????????, ????????Bose-Einstein ??? (BEC)??
???????????? [5].
??????? BEC???? 4He???????, ??????????,?? ??
?????????????????????????????. ??????????
?????????????????????????????????. ??????
?????????????????????. ??????????????????
?????????, ????????????????????????, 3?????
5
???, 1??, 2?????????????????? BEC????????. ??
???????????????????????, ????????????????
??????????. ??? Feshbach?????????????????????
????????????????????????? [6].
BE??????????????, ?????????????????. ?????
????????, ????????BEC?????????????? [7, 8, 9]. ??
???????????????????????????????. ????????
BEC????????????????. ???????????? [10], ??????
????????????????????? [11]????????. ??, ?????
????????????????????????? [11, 12] ?????, ?????
????????? [13]. ??????? 4He???????????????, ???
???????????????????????. ????????????????
?????? [14]. ??????????????????????, ????????
??????????????, ?????????????????????. ??, ?
??????????????????????????????. ?????????
??????, ???????????????????????????????. ?
?, ?????????????? Fermi?????, ???????????????
??????????????, ?????????????????????????
???????. ??????BEC?????-????? [15], Bloch?? [16]????
????????????. ??????? [17], ??????????BEC[18] ???
???????, ????????????????????????????????.
????, ??????? BEC????????????????????????
?. ?????????, ?????????????????????????, ???
???????????????????????????????????. ????
????????????????????????????????, ????, ??
??, ?????, ?????????????????????????.
1.2 ??????, ????
??????????? BEC?????????????. ???????????
????????????, ?????????????. ??, time of ﬂight?????
???????????????????????. ????????????????
??????????. ??, ???????BEC???????????, ?????
6
???????????????????. ???????, ????????????
?????????????????????. ?????????????????,
???????????, ?????????, ??????????????????
?????????.
??????BEC?????????, ?????????????. ???????
? BEC?????????????????????????????, ?? 2? 4?
??BEC??????? [19]. ????????BEC???????????????
????? [20]. ??Fallani?????????????BEC????????? [21].
Fallani????????????????????????????????????
???????????, ???? BEC?????????????????????
?. ??????????????????????????????????????
???????????, BEC??????????????????????????
???. ?????????????????????????, ??????????
??????? Bogoliubov de-Gennes(BdG)??? [22]??????????????
????????????? [23, 24, 25, 26, 27]. ?????????????????
????????, ???????????, ?????????????????. ?
????BEC?????????????, ?????????????BEC????
??????BEC???????.
????????????BEC, ?????????????BEC????????
? 3??????????????. (1)???????????-Goldstone?????
?, (2)?????????????????, ????????????, (3)????
??????????????????, ???????.
1.2.1 ???????????-Goldstone??????
???????????????, ???????????????????????
?. ????????????,??????,???,????,???????????
????????????. ????????????????????, ??????
???????????????????. BEC??????????????????
???????????, ?????????????????. ??, ????????
???????, ????????????????????????? (??-Goldstone
???)[28]. ???????????????????????????, ??????
?BEC????????????????????????. ???????BEC??
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?????????????????????????.
??, ?????????????????????????? c??????? Bo-
goliubov???????? [29], ???????????????????????. ?
????????????????, ??????BEC?????????????. ?
????? BEC?????????????????????? [30, 31]??????
??????????.
1.2.2 ?????????????????, ????????????
????????BEC????, BdG?????????????????????
??? [25]. ??, BdG??????????????, ??????????????
?Gross-Pitaevskii(GP)??? [32]????????, ???????????????
???????????? [23, 24]. ????GP?????????????????
??????????? [33].
??????????????????????????????????????
????????. ??, ????????????????????????????
???????????????????. ????????????????????
??????? (???)??????????.
1.2.3 ???????????????????
??????????????GP??????????????????? [34, 35],
?????? (???)?????????????????????????????
??. ??????????????????, ??????????????, ???
??????????????, ?????. ???????????????????
?????. ?????????????? BEC?????????????????
?. ????????????????????, ?????????????????
???????????.
1.3 ??????
???????????????.
? 2???, ????????????, ??????BEC??????????. ?
?, ?????????????????, ????????????????, ????
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????????. ??, ??????????????BdG???????, ????
???????, ??BdG?????????????????, ??????????
??????????????????????????. ?????????????
??????????????????????????????????BEC???
??????????, ?? (1)?????????. ??, BdG??????????
??????????? BEC??????????????????. ???????
????????????????.
? 3???, ?????????????????????????????. BdG?
????????????????????????????????????????
????????. ?????????? (1)??? (2)?????????. ?????
??????GP?????????????????????. ?????, BdG??
????????????????????????. ???????????????
?, ?????, ????????????????????????, ????????
??????????????. ??, ?????, ?????, ???????????
?, BdG???????????????????????????????. ????
????, ???????????????????. ??, ?????, ????GP?
????????????????????????????????????. ???
??, ????????????, ????????????????????????
??????. ????????, ?????????????????????, ??
??????????????????????????????. ??, ????GP
?????????????????????????????????????, ??
? (???)????????, ?????????????????????.
? 4???, ?????????BEC??????????, ???????????
?????????????????. ???????????? (3)????????
??, ????????????????????. ??, ?????????????
???????, ?????????????????????????, ??????
???????????????????????????????????????
?????. ??, ???????????????, ???????????????
???. ??, ?? [36]????????????????????????. ????
????????????????????????????????. ???, ???
????????????????, ???????????????????????
??????. ????GP?????????????????????, ?????
????????????GP?????????????????????. ??, ?
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?????????????????????????????.
? 5???, ?????????????????, ???????????.
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?2?
?????????Bose-Einstein???
????
?????????? BEC?????????, ????????????????
???????. 2.1??????????????????????????????
?????. 2.2??????????????????????Gross-Pitaevslii(GP)?
??????, ???????????????. 2.3????????????????
??????? Bogoliubov de-Gennes(BdG) ???????, BdG?????????
??????. ??, BdG???????????????????????????.
2.4???????????, BdG??????????????????????. 2.5
????????????????????.
? 3?, ???????????????????????????????????
???????????.
??, ??????? ~ = 1??????????.
2.1 ??????????????
??????????????????????????????????????
Vint(x¡ x0) = g±(x¡ x0) ; (2.1)
g =
4¼as
M
; (2.2)
??????????????. ??, ??????????????????????
??????? g? s???? as?????????? [37]. ????????????
????????????????????.
Hˆ =
Z
d3x
½
Ãˆy
µ
¡ r
2
2M
+ Vex ¡ ¹
¶
Ãˆ +
g
2
Ãˆy2Ãˆ2
¾
: (2.3)
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???M ??????, Vex?????????, ¹????????????.
??? Ãˆ????????????, ??????????.h
Ãˆ(x; t); Ãˆy(x0; t)
i
= ±(x¡ x0) ; (2.4)h
Ãˆ(x; t); Ãˆ(x0; t)
i
=
h
Ãˆy(x; t); Ãˆy(x0; t)
i
= 0 : (2.5)
???????BEC????,????????????????????Bogoliubov
???????? [29]. ????? Ãˆ??????? ffi(x)g ???????.
Ãˆ(x; t) =
X
i
aˆifi(x) ; [aˆi; aˆ
y
i ] = ±ij ; (2.6)
BEC?????????????????????????????, ????????
??? (i = 0)????????Nc >> 1????????. i = 0?????????
? aˆ0, aˆy0 ??????????, ?????????????????????????
??????????????, i = 0?????????? aˆ0, aˆy0 ? c-???????
?????1.
aˆ0 !
p
Nc ; aˆ
y
0 !
p
Nc : (2.7)
???, ??????, ?????????????????????? Ã0???? ±Áˆ
??????.
Ãˆ = Ã0 + ±Áˆ : (2.8)
??? Ã0 =
p
Ncf0, ±Áˆ =
P
i 6=0 aˆifi ???. ??? Ã0 ???? ±Áˆ???????
Heisenberg?????????????????.
??? Bogoliubov?????????, ????????. ??? Bogoliubov???
???????? c-???????????, ???????????????????
???. ??, ?????????????????????????????. ???
????????????????????????, Bogoliubov??????, ???
???BEC??????.
2.2 ?????????????Bose-Einstein????
??????? (2.3)????????:
Ãˆ ! ei®Ãˆ ; Ãˆy ! e¡i®Ãˆy ; (2.9)
1??? aˆy0aˆ0, ?? aˆ0aˆ
y
0???, ????? jNci????????????????. ???, haˆy0aˆ0i =
Nc, haˆ0aˆy0i = Nc ¡ 1 ' Nc ?????????????????????.
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????????????. ??? ®???????. ?????????????
Nˆ =
Z
d3xÃˆyÃˆ ; (2.10)
?????????.
e¡i®Nˆ Ãˆ(x)ei®Nˆ = ei®Ãˆ(x) ; (2.11)
e¡i®Nˆ Ãˆy(x)ei®Nˆ = e¡i®Ãˆy(x) : (2.12)
???????????????????????e¡i®NˆHˆei®Nˆ = Hˆ ???????
i
dNˆ
dt
=
h
Nˆ ; Hˆ
i
= 0 ; (2.13)
?????.
?????????????????????????????????????, ?
???????????????????????. ????????????????
????????????????????????? [38, 39].
ei®GˆjΩW i = ei®GjΩW i ; GˆjΩW i = GjΩW i ; (2.14)
ei®GˆjΩNi 6= ei®GjΩNi ; GˆjΩNi 6= GjΩNi : (2.15)
??? Gˆ?????????, ®???????. ?????????????????
???, ??????????????????, ??Wigner???????. ????
????????????????, ????????????, ?????-Goldstone
????????? [40]. ??????, ?????????????????????
????????????????????????????. ?, ???G?????
??? Aˆ(x; t)??????
e¡i"GˆAˆei"Gˆ ' Aˆ+ i"
h
Aˆ; Gˆ
i
´ Aˆ+ "±Aˆ ; (2.16)
?????????? Aˆ(x; t)???? ±Aˆ???????????.
±Aˆ = i
h
Aˆ; Gˆ
i
: (2.17)
? (2.17)???-Goldstone??????????. ???? (2.17)????????.
¡ihΩj±AˆjΩi = hΩj
h
Aˆ; Gˆ
i
jΩi : (2.18)
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Wigner????, ±Aˆ????? GˆjΩW i = GjΩW i ??????????????. ??
??-Goldstone?????? ±Aˆ?????????????.
hΩN j±AˆjΩNi 6= 0 : (2.19)
??? hΩN j±AˆjΩNi???-Goldstone??????????????. ?,???????
?????????. ??????????????????? sˆ(x) = (sx(x); sy(x); sz(x))
????????????????. ???????????????????,????
x-?, y-???????????????????????????????. ????
Sˆi =
Z
d3xsˆi(x) ; (i = x; y; z) ; (2.20)
??? SˆijΩNi 6= SijΩNi (i = x; y) ????Sˆx? y-???????????????, ?
?-Goldstone?????
¡i"±Sˆx = "
h
Sˆx; Sˆy
i
= i"Sˆz ; (2.21)
?? hΩN jSˆzjΩNi 6= 0 ????????. hΩN jSˆzjΩNi ???????????????
z????????????????, ?????????????????????.
????????????????????????????????. ??????
??????????????????????.h
Gˆ; Hˆ
i
= 0 : (2.22)
???????? jEi????, ????
HˆGˆjEi = GˆHˆjEi = EGˆjEi ; (2.23)
?????. ????????????? GˆjEi ? jEi??????????. ????
GˆjEi = GjEi ; (2.24)
???, Wigner?????????. ????-Goldstone??????????????
?????????????. ??? jEi? Gˆ????????????. ??????
????????????, ???????????????????????????
?????????. ??????????, ?????????????????.
??????? BE?????? 2????? BEC????????????, ??
???????????????????? [7][8][9]. ?????????????BEC
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????????????????????, ???????????????????
?????????.
eiµNˆ jΩi 6= eiµN jΩi : (2.25)
??-Goldstone????????? Gˆ = Nˆ , Aˆ = Ãˆ???? ±Aˆ = iÃ?????, Bose-
Einstein????????????????????.
Ã(x; t) = hΩjÃˆ(x; t)jΩi = hΩj
h
Ãˆ(x; t); Nˆ
i
jΩi : (2.26)
????Ã??????????????????????????????, ????
????????????????????????. ???????????????
??????.
nc(x; t) = jÃ(x; t)j2 : (2.27)
Nc(t) =
Z
d3x jÃ(x; t)j2 : (2.28)
??? nc(x; t)?????????????, Nc??????????. ????? Ãˆ?
????????????? Ã ???????????? Áˆ????????????
???.
Ãˆ(x; t) = Ã(x; t) + Áˆ(x; t) : (2.29)
??? Áˆ??????
hΩjÃˆ(x; t)jΩi = 0 ; (2.30)
?????????, ????h
Áˆ(x; t); Áˆy(x0; t)
i
= ±(x¡ x0) ; (2.31)h
Áˆ(x; t); Áˆ(x0; t)
i
=
h
Áˆy(x; t); Áˆy(x0; t)
i
= 0 : (2.32)
??????????.
2.3 ????Gross-Pitaevslii???
??? Ãˆ????Heisenberg??????.
i
@
@t
Ãˆ =
h
Ãˆ; Hˆ
i
=
µ
¡ r
2
2M
+ Vex ¡ ¹+ gÃˆyÃˆ
¶
Ãˆ (2.33)
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???????? Ãˆ(x; t) = Ã(x; t)+ Áˆ(x; t)????, ????? Áˆ(x; t)???????
????????. ???????????????, ???????????????
???????????. ???, ?????????.
i
@
@t
Ã =
µ
¡ r
2
2M
+ Vex ¡ ¹+ gjÃj2
¶
Ã : (2.34)
??????????Gross-Pitaevslii(GP)????????2. ????GP?????
???????????????????????????????????????
?????. ?????? nc???????
@
@t
nc(x; t) +r ¢ j(x; t) = 0 ; (2.35)
j(x; t) =
¡i
2M
(Ã¤(x; t)rÃ(x; t)¡ Ã(x; t)rÃ¤(x; t)) : (2.36)
???, ?????Nc????????????.
d
dt
Nc = 0 : (2.37)
?????????????????.
Ã(x; t) =
p
nc(x; t)e
iS(x;t) : (2.38)
??????????? j?????????.
j(x; t) = (nc(x; t)vc(x; t)) ; (2.39)
vc(x; t) =
rS(x; t)
M
: (2.40)
??????????????????????????? vc???????????
??. ??? vc???????S???????????????, ?????????
???.
r£ vc(x; t) = 1
M
r£rS(x; t) = 0 : (2.41)
??? vc?????????.
@
@t
vc = ¡ 1
M
r
µ
gnc +
µ
v2c
2
¶
+ Vex + VQ
¶
: (2.42)
??? VQ?
VQ(x; t) = ¡ 1
2M
p
nc(x; t)
r2
p
nc(x; t) ; (2.43)
2????????????????, ???? GP???????????????
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???, ?????????????. ? (2.42)??????????????????
????????????????????????????. ??? gnc(x)?????
??????????????, ?????????????????????????
????????. ??????r£ vc(x) = 0??????? S??????????
??????????????????. ?????????S???????????
???????????????. ????????????? S???∆S????.
???, ??????????∆S? 2¼???????.
∆S =
I
rS ¢ ds = 2¼· : (2.44)
??? ·?????????????. ???????I
vc ¢ ds = 2¼
M
· ; (2.45)
?????, ?????????????. ???????????????, ????
???????????????????. ???????, ????????????
?????????????????. ????????????? ei·µÃ00(r; z)???
?????. µ??????
vc;µ =
·
2¼Mr
; (2.46)
???. ???????????? r = 0?????????????????. ???
?????????? r = 0??????????????????????????
??. ???????, ????????????????????. ????? 2??
(2 · ·)???????????????, ???????????????????. ?
????????????? 3????????.
2.4 Bogoliubov de-Gennes ???
????GP????????????GP???????????.µ¡r2
2M
+ Vex ¡ ¹+ gjÃ0j2
¶
Ã0 = 0 : (2.47)
?????????????????, ???????????????????.
Ã(x; t) = Ã0(x) + ±Ã(x; t) (2.48)
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??????? GP???????, ±Ã?????????????????????
??.
i
@
@t
±Ã = L±Ã +M±Ã¤ ;? (2.49)
L = ¡r
2
2m
¡ ¹+ Vtrap(x) + 2gjÃ0j2 M = gÃ20 : (2.50)
???. ?????? doublet????????????????????.
i
@
@t
±Ψ = T±Ψ ; (2.51)
T =
Ã
L M
¡M¤ ¡L
!
; ˆ±Ψ =
Ã
±Ã
±Ã¤
!
: (2.52)
???????????????Bogoliubov-de Gennes???
TYn(x) = !nYn(x) ;? (2.53)
Yn(x) =
Ã
un(x)
vn(x)
!
: (2.54)
??????. BdG????????????????????????????. ??
???????, ??????????????????????????????. ?
????? T ???????????????BdG????????????????.
?????????????????????, ??????????????????
??. ??????????????????????????.
2.4.1 BdG????????????
BdG?????????? T ????????.
¾3T¾3 = T
y (2.55)
¾1T¾1 = ¡T ¤ (2.56)
??? ¾i ? Pauli?????.
¾1 =
Ã
0 1
1 0
!
; ¾2 =
Ã
0 ¡i
i 0
!
; ¾3 =
Ã
1 0
0 ¡1
!
: (2.57)
? (2.55)-(2.56)?? BdG???????, ????????????????????
??????.
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??? T ??????????BdG????????????????. BdG???
???????? !n??????, ??????????? !nc = !¤n ? BdG????
???????? [41]. ??????????????. ????? det jT ¡ !nj???
?????, ? (2.55)??????????????????.
0 = (det jT ¡ !nj)¤ = det jT y ¡ !¤nj = det j¾3T¾3 ¡ !¤nj = det jT ¡ !¤nj : (2.58)
??? !¤n?BdG??????????????????????.
??????????????????????????, ????????????
????????. ????????, ??????????????????????
??????? [22, 31, 36]. ?????????????, ?????????????
????????????????????????????? [42]. ????????
?????????A???????.
BdG???????? Yn(x)???????? Y¤n(x)???. ???? Y¤n(x)??
?????????????.
T yY¤n(x) = !¤nY¤n(x) ; (2.59)
T y =
Ã
L ¡M
M¤ ¡L
!
: (2.60)
??? !¤n ???? T ??????????? !n ????????. ??????
TYnc(x) = !
¤
nYnc(x) ?? (2.55), (2.59)??????????.
!n???????
Y¤n = ¾3Yn : (2.61)
!n?????????
Y¤n = ¾3Ync : (2.62)
????Y¤n????????????????.
(Y¤n;Ym) =
Z
d3xY y¤nYm : (2.63)
???Ym, Y¤n????: (Y¤n; TYm) = (T yY¤n;Ym)????????????????,
???
(!n ¡ !m)(Y¤n;Ym) = 0 ; (2.64)
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???. ????????
(Y¤n;Ym) = 0 (m 6= n) ; (2.65)
??????????. ???????Yn???????????????.
jjYnjj2 = (Y¤n;Yn) : (2.66)
Yn???????????????, ??????Yn??????. Yn???????
??
jjY (+)n jj2 = 1 ; (2.67)
?????, ???, ???????????????3.
!(+)n ; Y
(+)
n : (2.68)
Yn?????????
jjY (¡)n jj2 = ¡1 ; (2.69)
?????, ???, ???????????????.
!(¡)n ; Y
(¡)
n : (2.70)
????????????, ??????????????????????.
!(+)n Y
(+)
n (2.71)
!(¡)n = ¡!(+)¤n Y (¡)n = ¾1Y (+)¤n : (2.72)
??????????????. BdG ???? Pauli ????????, ?????
???????? (¾1T¾1)¤¾1Y (+)¤n = !(+)¤n ¾1Y (+)¤n . ? (2.56)????? T¾1Y (+)¤n =
¡!(+)¤n ¾1Y (+)¤n ???. jjY (+)n jj2 = 1??????? jj¾1Y (+)¤n jj2 = ¡1???.
2.4.2 ??-Goldstone???
BdG????????????????????????????????. ??GP
?Ã0???????? ei® ! ei(®+²) , ???? xi ! xi+ ²i, ???? x!
P
j ²ijxj ??
3???????????????????. ??????????????????????????
?. ????????????????????????????????.
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????Ã0(x)! Ã00(x0)????. ???, ???????????? "???????
?. ??????????, ??????????????????, ????????
??????????????. ????????????????????G???
???????????: Ã00(x0) = (1 + i² ¢G)Ã0(x). ??GP???????????
????????? Ã00(x0) ???GP?????????????????.¡
K + V ¡ ¹+ gjÃ0j2
¢
Ã0 + iL² ¢GÃ0(x)¡ i2M² ¢ fGÃ0(x)g¤ = 0 : (2.73)
???? 1????????????. ? 2?????????????BdG?????
??????????. ???BdG???????????????????????.
TYi;zero = 0 ; (2.74)
Yi;zero(x) =
Ã
GiÃ0(x)
¡fGiÃ0(x)g¤
!
: (2.75)
????????????????????????????, ????GP?????
?????????????????.µ ¡1
2M
@2
@x2
¡ ¹+ gjÃ0j2
¶
Ã0 = 0 (2.76)
Ã0(x) =
p
nc tanh
µ
xp
2»
¶
(2.77)
??? ¹ = gnc, » = (2gMnc)¡
1
2 ???, »?????????????????. ???
????GP??????????????????????????????????
??. ?????????G = 1
i
@
@x
????????, ? (2.75)???????????
?????????????????????.
Yzero(x) =
p
ncp
2»
cosh¡2
µ
xp
2»
¶Ã
1
1
!
: (2.78)
???????????????????????????????????????.
???????????????????????????, ???????????
????????????. ?????????????????-Goldstone?????
??, ???????????????????????????. ???, ?????
?????????????????????????, ??????????????
????????????????-Goldstone??????. ??-Goldstone?????
????????, ??????????????????. BEC??????????
???????????????, BEC?????????????????????.
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??????? ei®Ã ! ei(®+²)Ã??????????G = 1
i
@
@®
?????, ? (2.75)?
?????????????????????????
Y0(x) =
Ã
Ã0(x)
¡Ã¤0(x)
!
; (2.79)
??????.
2.4.3 BdG???????????
? (2.64)?????????Y0????????????????????????.
(Y (K)¤n ;Yi;zero) = 0 : (2.80)
???K = §???. ? (2.75)????????? Yi;zero?????????????
????.
jjYi;zerojj = 0 : (2.81)
????????????????????????, ???????????????
???????????????????????????. ????????????
???????????????, ????????????????????????
?????????????????????, ?????????????. ????
???, BdG?????????????????????????. ???????,
?????Yi;zero???, ????Y¡1i;zero????????????????????
????????? [31, 30]. ??????????????????????????
???Y0??????. ?????????Y¡1??????????????.
TY¡1(x) = IY0(x) ; (2.82)
Y¡1(x) =
Ã
Ã¡1(x)
Ã¤¡1(x)
!
: (2.83)
????? I???????????????????.
(Y¤¡1;Y0) = 1 (2.84)
Y¡1???? T 2???????? T 2Y¡1 = 0??????. ?????? T ?????
????, ??? T 2????????????????????????. ??????
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?????????Y (K)n ? T 2??????????, Y¡1 ??????????. ??
????????????????.
(Y
(K0)
¤n0 ;Y
(K)
n ) = K±KK0±nn0 ; (2.85)
(Y
(K)
¤n0 ;Y0) = (Y
(K)
¤n0 ;Y¡1) = 0 ; (2.86)
(Y¤¡1;Y¡1) = (Y¤0;Y0) = 0 ; (2.87)
(Y¤¡1;Y0) = 1 : (2.88)
?????????????????????????.
Y0(x)Y
y
¤¡1(x
0) + Y¡1(x)Y
y
¤0(x
0) +
X
K=§;n
KY (K)n (x)Y
(K)y
¤n (x
0) = ±(x¡ x0) : (2.89)
???????????????????????????????????.
±Ψ(x) = ¡iQ(t)Y0(x) + P (t)Y¡1(x) +
X
n;K=§
K®(K)n (t)Y
(K)
n (x) (2.90)
2.5 ?????????????????
???????????????GP??????????????????BdG?
??????, ????????. ??????????????????, BdG???
?????????????????????????????. ??????? (2.3)
????????? Ãˆ = Ã0 + Áˆ?????. ??????????? Áˆ???????
?????????.
Hˆ = E0 + Hˆ1 + Hˆ2 + Hˆ3 + Hˆ4 ; (2.91)
E0 =
Z
d3x
½
Ã¤0
µ
¡ r
2
2M
+ Vex ¡ ¹
¶
Ã0 +
g
2
jÃ0j4
¾
; (2.92)
Hˆ1 =
Z
d3x
h
Ã¤0
µ
¡ r
2
2M
+ Vex ¡ ¹+ gjÃ0j2
¶
Áˆ
+Áˆy
µ
¡ r
2
2M
+ Vex ¡ ¹+ gjÃ0j2
¶
Ã0
i
; (2.93)
Hˆ2 =
Z
d3x
h
Áˆy
µ
¡ r
2
2M
+ Vex ¡ ¹
¶
Áˆ+
g
2
¡
4jÃ0j2ÁˆyÁˆ+ Ã¤20 Áˆ2 + Ã20Áˆy2
¢i
; (2.94)
Hˆ3 = g
³
Ã0Áˆ
y2Áˆ+ Ã¤0Áˆ
yÁˆ2
´
; (2.95)
Hˆ4 =
g
2
Áˆy2Áˆ2 : (2.96)
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??? Áˆ, Áˆy???????????????????????, ??????? Hˆ0 =
Hˆ1 + Hˆ2?????. Ã0???GP????????, Hˆ1 = 0???. ????????
???? doublet??????????.
Hˆ0 =
1
2
Z
d3xΦˆy¾3T Φˆ : (2.97)
??? Φˆ?
Φˆ =
Ã
Áˆ
Áˆy
!
; (2.98)
???. Φˆ????????? Áˆ ,Áˆy ???????????????????????.
[Φˆ(x; t); Φˆy(y; t)¾3] = Φˆ(x; t)Φˆy(y; t)¾3 ¡
³
¾3Φˆ
y(y; t)tΦˆ(x; t)t
´t
= ±(x¡ y) : (2.99)
?????? (2.89)????????? Φˆ, Φˆy???????????.
Φˆ(x) = ¡iQˆ(t)Y0(x) + Pˆ (t)Y¡1(x) +
X
n;K=§
K®ˆ(K)n (t)Y
(K)
n (x) ; (2.100)
Φˆy(x)¾3 = iQˆ(t)Y
y
¤0(x) + Pˆ (t)Y¤¡1(x) +
X
n;K=§
K®ˆ(K)yn (t)Y
(K)
¤n (x) : (2.101)
???
Qˆ = i(Y¤¡1; Φˆ) ; (2.102)
Pˆ = (Y¤0; Φˆ) ; (2.103)
®ˆ(K)n (t) = (Y
(K)
¤n ; Φˆ) ; (2.104)
®ˆ(K)n (t) = ®ˆ
(¡K)y
n (t) ; (2.105)
???. ?? BdG??????????????????????. ????????
?????????, ??????????????????????????. ???
? (2.99)??????????? Qˆ, Pˆ , ®ˆ(K)n ???????????????????
?????.
[Qˆ; Pˆ ] = i ; [®ˆ(K)n ; ®ˆ
(K0)y
n0 ] = K±KK0±nn0 ; (2.106)
[Qˆ; ®ˆ(K)n ] = [Pˆ ; ®ˆ
(K)
n ] = 0 : (2.107)
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?????? (2.100), (2.101)?????????????
Hˆ0 =
1
2
Z
d3xΦˆy¾3T Φˆ
=
1
2
"
I
³
Φˆy¾3;Y0
´
Pˆ (t) +
X
n;K=§
K!(K)n
³
Φˆy¾3;Y (K)n
´
®ˆ(K)n (t)
#
=
IPˆ 2
2
+
1
2
X
n
K!(K)n ®ˆ
(K)y
n ®ˆ
(K)
n : (2.108)
bˆn(t) = ®ˆ
(+)
n (t)????, ???????????????
Hˆ0 =
IPˆ 2
2
+
X
n
!(+)n bˆ
y
nbˆn ; (2.109)
????
[bˆn; bˆ
y
n0 ] = ±nn0 [bˆn; bˆn0 ] = [bˆ
y
n; bˆ
y
n0 ] = 0 ; (2.110)
????????????????????????????? Pˆ ?????????
??????. ?????????????? !(+)n ??????????????? bˆn
?????????? j0ib?????? Fock??
jNib ´ jn1 ¢ ¢ ¢ni ¢ ¢ ¢ ib =
Y
j
s
1
nj!
(bˆynj)
nj j0ib ; (2.111)
???????????. BdG?????????????????!(+)n ???????
??????????, ?????????????????????????????
????. ??, ??????????????????????? IPˆ 2
2
???????
? Fock?????????????????? jΨi???. ?? jΨi??? hΩjÁˆjΩi = 0
???????????????????.
hΨjQˆjΨi = hΨjPˆ jΨi = 0 : (2.112)
???????????????? Fock?? jNib? jΨi???????????.
jNib ­ jΨi (2.113)
??? Qˆ, Pˆ , bˆn??????????????.
bˆn(t) = bˆne
¡i!(+)n t ; (2.114)
Pˆ (t) = Pˆ ; (2.115)
Qˆ(t) = IPˆ t+ Qˆ : (2.116)
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Qˆ(t)??????????????????????. ?????????N =
R
d3xhÃˆyÃˆi
?????????????????4. ?????????????????????
???????????? [31, 30].
Ψˆ(x) = Ψ0 ¡ iQˆ(t)Y0(x) + Pˆ (t)Y¡1(x) + Φˆ0(x; t)
' e¡i¾3Qˆ(t)
³
Ψ0 + Pˆ (t)Y¡1(x) + Φˆ0(x; t)
´
: (2.117)
??? Φˆ0?????????????
Φˆ0(x; t) =
X
n
³
bˆn(t)Y
(+)
n (x)¡ bˆyn(t)Y (¡)n (x)
´
; (2.118)
???. ? (2.117)???????????????????????????? (2:100)
??????. ??????? Y0????????????????????????
???? Qˆ(t)????????????????. ? (2.117)????????????
??????????????????????????.
???????? (2.117)???????????N =
R
d3xhÃˆyÃˆi ????????
?????????. ?????? (2.100)????????????????????,
??? I????????? (2.100)??????????.
?????????????? Vex = 0???????????????. ?????
??GP?????? Ã0 =
p
nc???????????? ¹ = gnc??????. ??
?????, ?????? Áˆ ???????????.
Hˆ0 =
IPˆ 2
2
+
X
q
!q bˆ
y
q bˆq ; (2.119)
Áˆ(x) = ¡i
³
IPˆ t+ Qˆ
´
nc +
Pˆ
2
p
NcV
+
X
q 6=0
µ
bˆquq
eiq¢x¡i!qtp
V
+ bˆyqvq
eiq¢x+i!qtp
V
¶
: (2.120)
??? V ????????, I = g
V
???. uq, vq???????.
uq =
vuuut1
2
0@1 + ²q + gncq
(²q + gnc)
2 ¡ (gnc)2
1A ; (2.121)
vq = ¡
vuuut1
2
0@¡1 + ²q + gncq
(²q + gnc)
2 ¡ (gnc)2
1A : (2.122)
4N =
R
d3xhÃˆyÃˆi???? Qˆ(t)2 ???????????, ????N ??????????.
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??? ²q???????????????? ²q = q
2
2M
???. ???????????
?? !q??????????.
!q =
q
²q (²q + 2gnc) : (2.123)
?????????????????????? ²q << gnc????????????
?????
!q ' c0jqj : (2.124)
??? c0??????, c0 =
p
gnc
M
????????. ????? Landau??????
?????, Bogoliubov??????????????. ??????????????
????????????? BEC????????????. ??, ????????
²q >> gnc???????????????
!q ' ²q + gnc ; (2.125)
???, ?????????????????????????. ????, ?????
????????????????????????????.
????? V !1, Nc !1, nc = NcV = (??)????. ????????????
???????
Y¡1 =
1
2
p
NcV
Ã
1
1
!
; (2.126)
?Y¡1 ! 0???, ?? I ! 0???. ??????????????????????
???????. ????????????????????????. ???????
?????????????????? 3?, ? 4??????.
2.6 ????????Bose-Einstein???????
???????????, ???????????????????????????.
????????????????????????????????. ??GP???
?????????????????.
Ã0 =
p
nce
ikx : (2.127)
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?????????????????, ?? vs = kM ????????????????
??. ????????????? ¹ = gnc + ²k????????. ?????????
BdG???????, ??????????????????????????.
!k;q =
kq
M
+
q
²q (²q + 2gnc) : (2.128)
??????????? gnc >> ²q ?????, ????????????????.
!k;q ' c0jqj+ vsq : (2.129)
???????????????
vs > c0 ; (2.130)
????????????????????. ???????????????????
?????????????. ???????????????????????, ??
?????????????????, ????????????????. ?????
????????????????????????????. ??????????
BEC??????????????????????????????. ??????
????????????????????????????????????. ???
????BEC?????????????????????????????. ???
???????????????????????????????????????
????. ???????????????????????????????????
?????????????????????? [21].
??, ?????????BEC???????????????????????, ?
?? BdG????????????????? [26, 27]. BdG???????????
???????????????????????.
±Ψ(x; t) ' Y (+)(x)e¡i!(+)t + Y (¡)n (x)ei!
(+)¤t : (2.131)
???????????????????????????????????????,
?????????????????. ??????????????????. ???
????????????????????????????????????, ???
????????. ???????????????? 3?, 4???????.
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?3?
???????????????????
????
????????????????????????????. ? 2???????
?, ??????????????????????, ?? ·????????. ?? 2?
???????????????????????, ????? 2????????? 1
?????? 2???????????????. ???????? BEC??????
BdG????????????????????????????, ?????????
???,???????????? [25, 23, 43, 44]. ??, ????GP????????
???????????????????, ????????????????????
[23, 24, 33]. ?????????????????????GP???????????
???????????????, BdG??????????????????????
??????????????????????????. ????????GP???
????????????, ?????????????????????????. ?
????????????????????????????, ???????????
???????????. ??????????? Y¡1????? P ????????
??????.
3.1 ????????????????
??????????????????????????
Vtrap(r; z) =
M!2ho
2
r2 +
M!2z
2
z2 ; (3.1)
????. ??? r =
p
x2 + y2???. z?????????? (!ho << !z), ????
?????????????????????. ?????????? gjÃj2???!z?
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????????, z?????????????????????????????:
Ã(x; y; z; t) = Ã˜(x; y; t)h(z) ; (3.2)
h(z) =
µ
M!z
¼
¶ 1
4
e¡
M!zz
2
2 : (3.3)
???????? 3??????GP???? 2??????GP??????????
??????:
i
@
@t
Ã˜ =
µ
¡ 1
2M
µ
@2
@x2
+
@2
@y2
¶
+
M!2ho
2
r2 ¡ ¹˜+ g˜jÃ˜j2
¶
Ã˜ : (3.4)
??? ¹˜ = ¹¡ !z, g˜ =
¡
M!z
2¼
¢
g ???, 3?????????????????????
??????. ?????????, ¹˜, g˜,Ã˜?s?????.
?????????????????, ????????????????.
Ã0(r; µ) =
ei·µp
2¼
f(r) ; (3.5)
????BdG??? TY (r; µ) = !Y (r; µ)??????????????.
Y
(K)
m;l (r; µ) = e
iKlµΓ·(µ)y
(K)
m;l (r) ; (3.6)
Γ·(µ) =
1p
2¼
ei·¾3µ : (3.7)
???m?????m = 0; 1; 2; ¢ ¢ ¢ ???, l????? l = 0§ 1;§2; ¢ ¢ ¢ ???. ??
???????????????? ! ??????? ! = 0????????????
?. ???????????????????????Y0 = (Ã0;¡Ã¤0)t ???????.
??????????????, ??????????????????????. ??
?, ??????????????????, ? 2?????????????????
??????????????
Yi;zero(x) =
Ã
liÃ0(x)
¡fliÃ0(x)g¤
!
: (3.8)
??? i = x; y; z???, li????????
lx = ¡i
µ
y
@
@z
¡ z @
@y
¶
; (3.9)
ly = ¡i
µ
z
@
@x
¡ x @
@z
¶
; (3.10)
lz = ¡i
µ
x
@
@y
¡ y @
@x
¶
; (3.11)
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???. ??????????????????, ?????Yx;zero,Yy;zero ??????.
?????Yz;zero?????
Yz;zero(x) = ¡i @
@µ
Ã
Ã0(x)
Ã0(x)
¤
!
= ·Y0 ; (3.12)
???, ?????????????????????Y0????????. ?????
??????????????????, ????? Y0 ?????????. ????
?BdG???????????????? !?????? Y (K)m;l ??????????
???????????? Y0??????? Y¡1???????. ?????????
Y¡1????????????????????? [45]. ??GP??????????
Nc?????????????????????.
T
@
@Nc
Y0(x) =
@¹
@Nc
Y0(x) : (3.13)
??????????????? Y¡1????????????????. ?????
????????Y¡1 = @@NcY0, I =
@¹
@Nc
????????.
??? Ã0(r; µ)?????????????????????
±Vex(r; µ; t) ; (3.14)
?????.???? Ã0(r; µ)?????? ±Ã ??????????.
i@t±Ψ(r; µ; t) = T±Ψ(r; µ; t) + J(r; µ; t) ; (3.15)
J = ±Vex¾3(Ψ0 + ±Ψ) +
g
2
¾3Ψ0(±Ψ
y±Ψ) + g¾3±Ψ(±ΨyΨ0) +
g
2
¾3±Ψ(±Ψ
y±Ψ) :
(3.16)
???doublet?? ±Ψ = (±Ã; ±Ã¤)t ,Ψ0 = (Ã0; Ã¤0)t ????. ????????? (3.15)
??? fY0;Y¡1;Y (K)m;l g ?????????????????????????.
i@t®m;l;K(t) = !
(K)
m;l ®m;l;K(t) + (Y
(K)
¤m;l ;J) ; (3.17)
i@tP (t) = (Y¤0;J) ; (3.18)
i@tQ(t) = iIP (t) + i(Y¤¡1;J) : (3.19)
??? ®m;l;K ; P;Q?
®m;l;K(t) = (Y
(K)
¤m;l ; ±Ψ) ; (3.20)
P (t) = (Y
(K)
¤0 ; ±Ψ) ; (3.21)
Q(t) = i(Y
(K)
¤¡1 ; ±Ψ) ; (3.22)
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???,??? ±Ψ?BdG??????????????????????????.
±Ψ(r; µ; t) = ¡iQ(t)Y0(r; µ) + P (t)Y¡1(r; µ) +
X
m;l;K
K®m;l;K(t)Y
(K)
m;l (r; µ) : (3.23)
? (3.15)???????????????.
®m;l;K(t) = ®m;l;K(¡1) +
Z t
¡1
dt0
1
i
ei!
(K)
m;l (t
0¡t)(Y (K)¤m;l ;J) ; (3.24)
P (t) = P (¡1) +
Z t
¡1
dt0
1
i
(Y¤0;J) ; (3.25)
Q(t) = Q(¡1) +
Z t
¡1
dt0
I
i
P +
Z t
dt0
1
i
(Y¤¡1;J) : (3.26)
???????????????????®m;l;K(¡1) = P (¡1) = Q(¡1) = 0 ???.
??????????????????????? (3.15)???????. ??????
????? ±Vex ! "±Vex ?????, "????????.
®m;l;K(t) =
1X
i=1
"i®
(i)
m;l;K(t) ; P (t) =
1X
i=1
"iP (i)(t) ; Q(t) =
1X
i=1
"iQ(i)(t) ; (3.27)
±Ψ =
1X
i=1
"i±Ψ(i) ; J =
1X
i=1
"iJ (i) : (3.28)
BdG?????????????????????????????????????
??. ??????????????????????????????????. ??
?????????????????,?????????????. ????????
???? B????????. ?????????????????????????
??.
????????????? t = t0 ??????????????????.
±Vex(r; µ; t) = ±(t¡ t0)2ar2 cos(lexµ) : (3.29)
??? lex???, a = a¯M!ho???, a¯???????????????????. ??
???????????????????????????????????????
????????????. ??, ???????????????????§lex ???
??????????????????????.
? (3.15)??????? J ?????????????.
J (1) = ±Vex¾3Ψ0 : (3.30)
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??? 1????? ®(1)m;l;K , P (1), Q?
®
(1)
m;l;K(t) =
a
i
e¡i!
(K)
m;l (t¡t0)µ(t¡ t0)(y(K)¤m;l; r2y0)r (±Kl;lex + ±Kl;¡lex) ; (3.31)
P (1)(t) = Q(1)(t) = 0 ; (3.32)
???.??? (¢ ¢ ¢ )r????? r?????????. ??????????????.
??? J ? 2???????????.
J (2) = J
(2)
(ex) + J
(2)
(int) ; (3.33)
J
(2)
(ex) = ±Vex¾3±Ψ
(1) ; (3.34)
J
(2)
(int) =
g
2
¾3Ψ0(±Ψ
(1)y±Ψ(1)) + g¾3±Ψ(1)(±Ψ(1)yΨ0) : (3.35)
??? J (2)(ex)?????????????????? ±Ψ(1)?????????????
??????????????. ??? J (2)(int)???????????? ±Ψ(1) ????
??????????????. ??? J (2)(ex)?????????????????.
®
(2)
(ex)m;k;K(t) = ¡a2e¡i!
(K)
m;k(t¡t0)µ(t¡ t0)
X
n;l;K0
K 0(y(K
0)
¤n;l ; r
2y0)r
£(y(K)¤m;k; r2¾3y(K
0)
n;l )r(±K0l;lex + ±K0l;¡lex)
£(±Kk¡K0l;lex + ±Kk¡K0l;¡lex) ; (3.36)
P
(2)
(ex)(t) = ¡a2µ(t¡ t0)
X
n;l;K0
K 0(y(K
0)
¤n;l ; r
2y0)r(y¤0; r2¾3y
(K0)
n;l )r
£(±K0l;lex + ±K0l;¡lex) ; (3.37)
Q
(2)
(ex)(t) = ¡ia2µ(t¡ t0)
X
n;l;K0
K 0(y(K
0)
¤n;l ; r
2y0)r(y¤¡1; r2¾3y
(K0)
n;l )r
£(±K0l;lex + ±K0l;¡lex) +
Z t
dt0IP (2)(ex)(t
0) ; (3.38)
??, J (2)(int)??????????? 2????
®
(2)
(int)m;k;K(t) =
ga2
2¼
µ(t¡ t0)
X
n;l;K0
X
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n;l y
(K00)
n0;K00(K0l+Kk))=2 + ¾3y
(K00)
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£(±K0l;lex + ±K0l;¡lex)(±K00(K0l+Kk);lex + ±K00(K0l+Kk);¡lex) ; (3.39)
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n0;K00K0l
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n;l ¡!
(K00)
n0;K00K0l)(t¡t0)
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00)
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(K00)
n0;K00K0l)=2 + ¾3y
(K00)
n0;K00K0l(y
(K0)y
n;l y0)
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r
£(±K0l;lex + ±K0l;¡lex) ; (3.41)
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3.2 ???????????
???????????????? BdG???????????. ????????
?? g?????????, ???????????????? BdG????????
???????? [23, 44]. g? "g?????GP???, BdG????????? "?
??????.
¹ =
X
i
"i¹(i) ; Ã0 =
X
i
"iÃ
(i)
0 ; (3.42)
T =
X
i
"iT (i) ; Ym;l =
X
i
"iY
(i)
m;l ; !m;l =
X
i
"i!
(i)
m;l : (3.43)
??GP?????????????????????????.
h0Ã
(0)
0 (r; µ) = 0 ; (3.44)
h0Ã
(1)
0 + (gjÃ(0)0 j2 ¡ ¹(1))Ã(0)0 = 0 : (3.45)
BdG??????????????????.
T (0)Y
(0)(K)
m;l (r; µ) = !
(0)(K)
m;l Y
(0)(K)(r; µ) ; (3.46)
(T (0) ¡ !(0)(K)m;l )Y (1)(K)m;l + (T (1) ¡ !(1)(K)m;l )Y (0)(K)m;l = 0 : (3.47)
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h0 = ¡ 1
2M
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M!2hor
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¡ ¹(0) ; (3.48)
T (0) = ¾3h0 ; (3.49)
T (1) = ¾3(gΨ
(0)
0 Ψ
(0)y
0 ¡ ¹(1)) ; (3.50)
???. BdG?????????????????.
!
(0)(K)
m;l = K(!ho(2m+ j·+ lj+ 1)¡ ¹(0)) ; (3.51)
Y
(0)(+)
m;l = e
i(·+l)µ
Ã
fm;l(r)
0
!
; Y
(0)(¡)
m;l = ¾1Y
(0)(+)¤
m;l ; (3.52)
fm;l(r) =
s
2®2hom!
(m+ j·+ lj)!e
¡®
2
hor
2
2 (®hor)
jl+·jLj·+ljm (®
2
hor
2) : (3.53)
??? ®ho =
p
M!2ho???, Lkm????????
Lkm(r) = e
rx
¡k
m!
dm
drm
(e¡rxm+k) ; (3.54)
???. ? (3.44)??????????????????????????????.
Ã
(0)
0 (r; µ) =
r
N
2¼
ei·µf0;0(r) ; (3.55)
¹(0) = !ho(j·j+ 1) : (3.56)
? (3.45)? Ã(0)0 ????????????????, ????????? 1?
¹(1) = gN®2ho(2·)!=(¼2
2·+1(·!)2) ; (3.57)
???.
????????????????, BdG???????? 1?????????.
!
(1)(K)
m;l = K(Y
(0)(K)
¤m;l ; T
(1)Y
(0)(K)
m;l ) : (3.58)
??? Y (0)(K)¤m;l = ¾3Y
(0)(K)¤
m;l ???. (¾3T (1))y = ¾3T (1) ??????? 1?????
!
(1)(K)
m;l ????????. ???, ??? 1????????????????????
????????????????. ???????????????????????
???: Z(0) =
P
m0;l0;K0 um0;l0;K0Y
(0)(K0)
m0;l0 . ?????????????????????,
1?????????????????????:X
m2;l2;K2
K1(Y
(0)(K1)
¤m1;l1 ; T
(1)Y
(0)(K2)
m2;l2
)uK2;m2;l2 = !uK1;m1;l1 : (3.59)
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?????? µ?????????????
R
dµ e
i(K2l2¡K1l1)µ
2¼
= ±K2l2;K1l1 ????. ??
??????????????? jlj??????????????????.X
m2;K2;l2=§l
K1(Y
(0)(K1)
¤m1;l1 ; T
(1)Y
(0)(K2)
m2;l2
)uK2;m2;l2±K2l2;K1l1 = !
(1)uK1;m1;l : (3.60)
??????K1 = K2,m 6= m0???????????? (Y (0)(§)¤m1;l ; T (1)Y
(0)(§)
m2;l
) ????
??. ???? !(0)(§)m;l = !
(0)(§)
m0;l ????, ??m 6= m0???????????????
??. ?????, K1 = K2,m = m0???????????????? (3:58)????.
K1 6= K2???????????????????K1 6= K2????????????
??????. ????? !(0)(+)m;l = !
(0)(¡)
m;¡l ??
2(m+m0) + j·+ lj+ j·¡ lj ¡ 2· = 0 ; (3.61)
????????. · < l??? 2(m+m0)+2(l¡·) > 0?????, ?????????
??????. · ¸ l??? 2(m+m0) = 0?????,??????????m = m0 = 0
????. ???????????Y (0)(+)0;l ,Y
(0)(¡)
0;¡l ????????????. ????
?????????????????????
Z(0) =
X
K
uK;lY
(0)(K)
0;Kl ; (3.62)
?????, !(1)0;l ,ul;K ???????X
K0=§
K(Y
(0)(K)
¤0l ; T
(1)Y
(0)(K0)
0l )uK0;l = !
(1)
0;l uK;l ; (3.63)
????????. ?????????????? 1?????
!
(1)
0;l =
gN®2ho
22·+1¼
X
¾=§
¾
(2·+ ¾l)!
·!(·+ ¾l)!
1
2¾l
§
q
A2l ¡B2l ; (3.64)
???. ???Al,Bl?
Al =
gN®2ho
22·+1¼
X
¾=§
(2·+ ¾l)!
·!(·+ ¾l)!
1
2¾l
; (3.65)
Bl =
gN®2ho
22·+1¼
(2·)!
·!
p
(·+ l)!(·¡ l)! ; (3.66)
???. !(1)0;l ??????????A2l ¡B2l < 0???????????, ?????¯¯¯¯
(2·+ l)!
2l·!(·+ l)!
+
(2·¡ l)!
2¡l·!(·¡ l)! ¡
(2·)!
(·!)2
¯¯¯¯
<
¯¯¯¯
¯ (2·)!·!p(·+ l)!(·¡ l)!
¯¯¯¯
¯ ; (3.67)
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???????? [43, 44]. ?? (3.67)????????? l? lc????BdG????
?????:
!
(K)
0;lc
= K(!ho(j·+ lcj ¡ j·j)) +KRe(!(1)0;lc) + iIm(!
(1)
0;lc
) +O(g2) ; (3.68)
Re(!
(1)
0;lc
) =
gN®2ho
22·+1¼
X
¾=§
¾
(2·+ ¾lc)!
·!(·+ ¾lc)!
1
2¾lc
; (3.69)
Im(!
(1)
0;lc
) =
q
B2lc ¡ A2lc ; (3.70)
?????. ????? (3.68)??????????????
Z
(0)(K)
0;lc
(r; µ) = eilcµΓ·(µ)z
(0)(K)
0;lc
(r) ; (3.71)
W
(0)(K)
0;lc
(r; µ) = eilcµΓ·(µ)w
(0)(K)
0;lc
(r) ; (3.72)
???. ???Z(0)(K)0;lc ?????? !
(K)
0;lc
????????????????, W (0)(K)0;lc
??????? !(K)¤0;lc ?????????.??? z
(0)(K)
0;lc
,w
(0)(K)
0;lc
?
z
(0)(K)
0;lc
(r) =
Ã
u+;lcf0;lc(r)
u¡;lcf0;¡lc(r)
!
; (3.73)
w
(0)(K)
0;lc
(r) = z
(0)(K)¤
0;lc
(r) ; (3.74)
u+;lc =
Blcq
2Im(!
(1)
0;lc
)(Im(!
(1)
0;lc
) + iAlc)
; u¡;lc = ¡iu¤+;lc ; (3.75)
f0;§lc(r) =
s
2®2ho
j·§ lcj!e
¡®
2
hor
2
2 (®hor)
j·§lcj ; (3.76)
???. u§;lc??????
(Z
(0)(K)
¤0;lc ;Z
(0)(K)
0;lc
) = (W
(0)(K)
0;lc
¾3;Z
(0)(K)
0;lc
) = u2+;lc ¡ u2¡;lc = 1 ; (3.77)
???????????.
??, ???????????????????. ??????Y0 = ¾3Ψ0 ?????
?????. ????????????
Y
(0)
0 = ¾3Ψ
(0)
0 ; (3.78)
????????. ????? Y0????????? Y¡1 = @@NcY0 ?????,???
???????
Y
(0)
¡1 =
@
@Nc
Y
(0)
0 ; (3.79)
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???. ?????????
(Y
(0)
¤0 ;Y
(0)
¡1 ) = 1 ; (3.80)
(Y
(0)
¤0 ;Y
(0)
0 ) = 0 ; (3.81)
(Y
(0)
¤¡1;Y
(0)
¡1 ) = 0 ; (3.82)
?????. ???????????????? I?????????????????
??????????.
I = I(0) + "I(1) +O("2) ; (3.83)
I(0) =
@¹(0)
@Nc
= 0 ; (3.84)
I(1) =
@¹(1)
@Nc
= g®2ho(2·)!=(¼2
2·+1(·!)2) : (3.85)
3.3 ?????????????
???????????BdG?????????????????????????
?????????????. ??????????????????????????
????.
n(r; µ; t) ' n0(r; µ; t) + n(1)(r; µ; t) + n(2)(r; µ; t) ; (3.86)
n0(r; µ; t), n
(1)(r; µ; t), n(2)(r; µ; t)?????????????.
n0 = Ψ
y
0Ψ0=2 ; (3.87)
n(1) = (Ψy0±Ψ
(1) + ±Ψ(1)yΨ0)=2 ; (3.88)
n(2) = (±Ψ(1)y±Ψ(1) +Ψy0±Ψ
(2) + ±Ψ(2)yΨ0)=2 : (3.89)
?????????????? lex? lex = lc???. ???, ????????????
±Ψ(1)????? jlcj?????????????, ?????!(K)0;lc ??????Z
(K)
0;lc
?
??????????. ?????????????????????? ±Ψ(1)growth ??
??, ????? ±Ψ(1) ' ±Ψ(1)growth???????, ±Ψ(1)? ±Ψgrowth?????????
???. ???????????????????????????, ±Ψgrowth????
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X
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: (3.91)
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Q
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(ex)(t), P
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???, ®(2)(int)(t), Q
(2)
(int)(t), P
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(int)(t)? O(a2g)??????????????. ???
P
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(int)(t)?Q
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???, O(g)????????????. ?????? ®(2)(int)(t)? O(a2g)?????,
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(int)(t)?O(a2)?????????????. ??????????????
??????????Q(2)(int)(t), P
(2)
(int)(t) ???. ???????BdG??????,??
?????? ±Ψ(2)??????????????????.
±Ψ(2) ' ±Ψ(2)growth = ¡iQ(2)(int)(t)Y (0)0 + P (2)(int)(t)Y (0)¡1 : (3.99)
???Q(2)(int)(t)????????????????. ±Ψ(2)??????Ψ
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???. P (2)(int)(t)? t > t0??????????????????????????.
???????????????????????????????????.
n0(r; µ; t) = Nff0;0(r)g2 ; (3.101)
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n(2)(r; µ; t) ' a2e2Im(!(+)0;lc )(t¡t0)j°u+;lc j2(ff0;lc(r)g2 + ff0;¡lc(r)g2) µ(t¡ t0)
¡2a2e2Im(!(+)0;lc )(t¡t0)f0;lc(r)f0;¡lc(r) µ(t¡ t0)
£Re
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
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(int)(t)ff0;0(r)g2 : (3.103)
??????????????????????????????????????
?????????. ?????? 2 (· = 2)??????????????????.
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?? 2???????? (3.67)???, ???? jlcj = 2??????????????
?. ??????????????n(1)(r; µ; t) ? 2?????????????????
?. ????? µ?????????, ??????, ??????Re(!(+)0;2 )??????
????. ??????????????????????, ????????????
Re(!
(+)
0;2 )??????????? [? 3.1-(b)]. ??,????????????n(2)(r; µ; t)
?????????. ??????? n(2)(r; µ; t) ???????? r ' 0???????
???. f0;0(r),f0;¡lc(r),f0;lc(r)???????????
f0;0(r) ' r·e¡®2hor2 ; (3.104)
f0;¡lc(r) ' r·¡lce¡®
2
hor
2
; (3.105)
f0;lc(r) ' r·+lce¡®
2
hor
2
; (3.106)
(3.107)
???. ?????????????? jf0;¡lc(r)j2 ????????????. f0;¡lc(r)
?????????????????? ·¡ lc???????????????????
??. · = 2???? lc = 2????? ff0;¡lc(r)g2 = e¡®2hor2?????, ???????
?? 2??????????????. n(1)(r; µ; t)? n(2)(r; µ; t)???????????,
n(2)(r; µ; t)???????? n(1)(r; µ; t)?????????? µ??????. ????
??? 2??? 2????????????????????? [? 3.1-(c), (b)].
?????????????????P (2)(int)??????. ? 3.2?P
(2)
(int)??????
??????? j®(1)0;lc j = jae¡i!
(+)
0;lc
t°=ij ???????. ?????????? P (2)(int)??
?? j®(1)0;lc j ?????????????????. ?????P
(2)
(int)(t)ff0;0(r)g2 ????
? n0(r; µ; t)??????????.
(N + P
(2)
(int)(t)) ff0;0(r)g2 : (3.108)
P
(2)
(int)(t)????????????????????, ???????????????
? ff0;0(r)g2?????????????????. ?????????????P (2)(int)(t)
????????, ?? 2????????????????????????????.
??????????????????. ? 3.2?? · = 2????????????
??????,???????????GP????????????????? [23, 24].
???????????????????????. n(1)(r; µ; t)??? lc??????
µ?????, ????????????????. ???? n(2)(r; µ; t)????? ·¡ lc
????????. ????? · = 3???????? lc = 2?????. ??????
????? lc = 2??????, ???? ·¡ lc = 1??????????. ?????
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3??? 3????????. ??, lc = 2???? 2?????????, ??????
? 3???????????????. ???????????? 3?????????
????????.
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?????????
???. T = t2!ho ?????????????, ?????????????,????????
2Ng
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3.4 ????????
????????? P (t)????????????????????. ??????
??????????????????Ψ = Ψ0+ ±Ψ ???????????????.
n(x; t) = n0(x) +
Ψy0±Ψ+ ±Ψ
yΨ0
2
+
±Ψy±Ψ
2
; (3.109)
????????????????.
0 = (Y0¤; ±Ψ) +
Z
d3x
±Ψy±Ψ
2
: (3.110)
???????GP????????????????????????.
Nc =
Z
d3xn(x; t) =
Z
d3xn0(x) : (3.111)
?????? (2.85)–(2.88)?????????????????.
P (t) +Nﬂuc(t) = 0 ; (3.112)
Nﬂuc(t) =
Z
rdrdµ ±Ψy±Ψ=2 : (3.113)
???Nﬂuc(t)???????????????????. ????????? P (t)?
?????Nﬂuc(t) ???? P (t) = ¡Nﬂuc(t)??????????. ????????
??? P (t)??????????????????????????. ???????
???????????? (3.112) ???????????????. ? (3.112)????
??????????????????.
P (L)(t) +
LX
l=1
Z
r drdµ ±Ψ(l)y±Ψ(L¡l)=2 = 0 : (3.114)
L = 1???, ±Ψ(0)?????, ? (3.114)????
P (1)(t) = 0 ; (3.115)
???????????. ? (3.32)??L = 1???????????????????
?. ?? L = 2???????????????.
P (2)(t) +
Z
r dr dµ ±Ψ(1)y±Ψ(1)=2 = 0 : (3.116)
???, ±Ψ(1)??????? ±Ψ(1)growth?????????????Z
r dr dµ ±Ψ
(1)y
growth±Ψ
(1)
growth=2 = a
2Blj°j2 e
2Im(!
(1)(+)
0;lc
)(t¡t0)
Im(!
(1)(+)
0;lc
)
: (3.117)
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????????. ??, ? (3.100)?? P (2)(int)?????
P
(2)
(int)(t) ' ¡a2Blj°j2
e2Im(!
(1)(+)
0;lc
)(t¡t0)
Im(!
(1)(+)
0;lc
)
µ(t¡ t0) ; (3.118)
?????? (3.116)??????????????????????. P (2)(int)(t)????
??????????????? n(r; µ; t) ' n0(r; µ; t) + n(1)(r; µ; t) + n(2)(r; µ; t)???
?????????
R
r drn(r; µ; t)???????.
?????????????????????????????????. P (2)(t)??
????????????????Nﬂuc(t)????????????????????
?. ?????? ±Ψ(2)?????????????????? P (t)????????.
?????????????????????, Nﬂuc(t)???????????? P (t)
?????????.
???????????????????????????????????. ???
?Ψ???????Ψ0 ????????????????????.
Ψ0(x; Nc) + ±Ψ(x; t) = Ψ0(x; N) + iQ(t)Y0(x) + P (t)Y¡1(x) : (3.119)
??????Ψ0(x; Nc) ?????Nc?????????????. ????????
???????????.
ei¾3Q(t)Ψ0(x; Nc ¡Nﬂuc) = ei¾3Q(t)Ψ0(x; Nc + P (t))
' Ψ0(x; N) + iQ(t)Y0(x) + P (t)Y¡1(x) ; (3.120)
??? Y¡1 = @@NΨ0????. ????????????????? Y0(x)????Ψ0
?????????????????????????, Q(t)???????????.
??P (t)????????????????Ψ0?????Nc ! Nc + P (t)?????
?. Y¡1?Ψ0?????????????????????????????????
??????????.
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?4?
?????????BEC???????
?????????
??????????????BEC????????. ??????????????
????????????????????, ???????????
Vopt(x+G) = Vopt(x) ; G = (lxdx; lydy; lzdz) ; (4.1)
?????????. ??? di = ¸i2 ????????, ¸i????????????. ?
?, li??????. ??????????????????????????????
????, ????????????????, ??????????????????
???. ????????? BEC??????Wu???????????? [26, 27].
Wu?????????, ????????? BEC ????, BdG?????????
??????????????.
????????????????????? [26, 27, 34, 35], ??????????
????????????GP???????????????. ???, ????GP
?????????????, ??????????????????????. ???
???????????, ?????????, ??????????????????
?. ????????????????????? [36]?????????. ?????
? [36]???????, ????????? BEC?????????????????
??.
??, ????????????????????, ???????????????
??????????. ???, ?????????????????????????
?????????????????????????????. ??????????
???????????????, ?? [36]????????????????????
????. ???????????????????????????????????
???????. ??, ????GP???????????????.
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4.1 ???????????????
??????????? (2.3)???,??????????????????????.
4H = ¡
Z
d3x"²¯
h
Ã¤0Ãˆ + Ã0Ãˆ
y
i
; (4.2)
???, "?????????, ²¯?????????????????. ???????
?????????????????, ??? Ãˆ????????????. ? (4.2)?
Bogoliubov??????????????? [46]. ?????????????????
????????????. ???????? " ! 0???, ?????????. ??
?????4H??????????, ?????, Ward-?????????????
?????????? [48, 49, 50].
???????4H??????????????, ???????????????
???. µ
¡ r
2
2M
+ Vopt + gjÃ0j2 ¡ ¹¡ "²¯
¶
Ã0 = 0 : (4.3)
"²¯ ! 0??????????GP????????. ??? Ã??? 2???????
?????, ?????????????????????.
H0 =
Z
d3x
·
Áˆy
µ
¡ r
2
2M
+ Vopt ¡ ¹
¶
Áˆ+
g
2
¡
4jÃ0j2ÁˆyÁˆ+ Ã¤20 Áˆ2 + Ã20Áˆy2
¢¸
: (4.4)
??? Ã??? 1????? (4.3)???????. ????????????????
? Vopt????????????????. ????
nc(x+G) = nc(x) ; (4.5)
????????????. GP?????????????????????????
?????????????????. ???, ?????????? 2???????
????????????????. ???????????????????????
??????????????, ??????????????????. ??????
??????????????????, GP??????Bloch????? [35].
Ã0;k(x) = e
ikx³k(x) (ki = 2¼li=Li) ; ³k(x+G) = ³k(x) : (4.6)
??? k????????????????. ??, li(i = x; y; z)??????, Li?
i = x; y; z??????????. ????????????????????????
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????. ??????? k??????? Ã0;k?????????????????
?. ???? k??????????
vk =
k
m
+
1
m
rSk(x) ; (4.7)
??????. ??? Sk(x)? ³k????????. ??, ?????????? dx =
dy = dz = d????.
???????????????.·
¡ r
2
2M
+ Vopt + gjÃ0;kj2 ¡ ¹¡ "²¯
¸
f
(n)
kq (x) = ²
(n)
kq f
(n)
kq (x) :
(4.8)
???????? nc(x) = jÃ0;kj2??????????????? f (n)kq ??? Bloch?
?????????.
f
(n)
kq (x) = e
iqxf¯ (n)kq (x) ; f¯
(n)
kq (x+G) = f¯
(n)
kq (x) : (4.9)
??? q????????, n????????????. q????????????
???, ???????? k ???????????????????. ??? (4.8)?
??????? ²(1)kk = 0???? f
(1)
kk ???, ???????Ã0;k??????????.
Ã0;k(x) =
p
Nce
ikxf¯ (1)kk (x) : (4.10)
ff (n)kq g????, ???????????.Z
d3x f
(n0)¤
kq0 (x)f
(n)
kq (x) = ±n0n±q0q ;
X
n;q
f
(n)
kq (x)f
(n)¤
kq (x
0) = ±(x¡ x0) : (4.11)
????????????? V0????, ?????????????????????
???????. ?????????????????????? w(n)ki (x)????. ?
?????? fw(n)ki (x)g????? ff (n)kq g????????.
w
(n)
ki (x) = I
¡ 1
2
s
X
q
e¡iqxif (n)kq (x) : (4.12)
Is?????????????, xi?????? i?????????? (dix; diy; diz)?
?? (ij (j = x; y; z)???). ????????
P
q???????????¡¼d < qi · ¼d
?????????????. ??????????, ????? (4:11)???????
????.Z
d3xw
(n0)¤
ki (x)w
(n)
kj (x) = ±n0n±ij ;
X
n;i
w
(n)¤
ki (x
0)w(n)ki (x) = ±(x¡ x0) : (4.13)
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???????????? Áˆ????????????.
Áˆ(x; t) =
X
n;i
aˆ
(n)
ki (t)w
(n)
ki (x) : (4.14)
?????? aˆ(n)ki ??????????
[aˆ
(n)
ki ; aˆ
(n0)y
kj ] = ±ij±nn0 ; [aˆ
(n)
ki ; aˆ
(n0)
kj ] = [aˆ
(n)y
ki ; aˆ
(n0)y
kj ] = 0 ; (4.15)
??????????. ???? Ã0;k?????????????????????.
Ã0;k(x) = n
1
2
c
X
i
eikxiw(1)ki (x) ; nc =
Nc
Is
: (4.16)
???????????? (4.14) ?GP??? (4.3), ??????? (4.4)?????.
0 =
X
i2
(
¡J (n1)i1i2 + nc
X
i3;i4
eik¢(xi4¡xi3 )U (n111)i1i2i3i4 ¡ (¹+ "²¯) ±i1i2±n1
)
eik¢xi2 ; (4.17)
Hˆ0 =
X
n1;n2;i1;i2
n³
¡J (n1n2)i1i2 ¡ ¹±i1i2±n1n2
´
aˆ
(n1)y
ki1
aˆ
(n2)
ki2
+
nc
2
X
i3;i4
³
4U
(n1n211)
i1i2i3i4
eik¢(xi4¡xi3 )aˆ(n1)yki1 aˆ
(n2)
ki2
+ U
(1n11n2)
i3i1i4i2
e¡ik¢(xi4+xi3 )aˆ(n1)ki1 aˆ
(n2)
ki2
+ U
(n11n21)
i1i3i2i4
eik¢(xi4+xi3 )aˆ(n1)yki1 aˆ
(n2)y
ki2
´o
: (4.18)
??? J (n1n2)i1i2 , U
(n1n2n3n4)
i1i2i3i4
?????????????.
J
(n1n2)
i1i2
= ¡
Z
d3xw
(n1)¤
ki1
(K + Vopt)w
(n2)
ki2
;
U
(n1n2n3n4)
i1i2i3i4
= g
Z
d3xw
(n1)¤
ki1
w
(n2)
ki2
w
(n3)¤
ki3
w
(n4)
ki4
: (4.19)
J
(n1n2)
i1i2
????????, ?????????????????, U (n1n2n3n4)i1i2i3i4 ?????,
????????????????. ????????????, ??????????
?????????????, ????????????. ??, ??????? (n = 1)
?????. ??????????????????????????????????
?????, ??????????????????????????, ???????
?????????????????????. ??????????????, ???
???????
J = J
(11)
ii+1l
; J¤ = J (11)i+1li ; U = U
(1111)
iiii ; (4.20)
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???????1 . ??? 1l? l?????????????, ??? 1x = (1; 0; 0)??
?. ?????????? (4.17), (4.18)????????.
z ¡ ¹ =
X
l=x;y;z
¡
Jle
ikid + J¤l e
¡ikid¢¡ Unc + "²¯ ; (4.21)
Hˆ0 = ¡
X
<i;j>
Jij aˆ
y
kiaˆkj +
X
i
n
(z ¡ ¹+ 2Unc)aˆykiaˆki
+
Unc
2
³
e¡2ikxi aˆkiaˆki + e2ikxi aˆ
y
kiaˆ
y
ki
´o
; (4.22)
???< i; j >?, j? i?????????????????????. ??? aˆki, aˆyki
??????????????.
aˆki = I
¡ 1
2
s
X
q
cˆkqe
iq¢xi ; aˆyki = I
¡ 1
2
s
X
q
cˆykqe
¡iq¢xi ; (4.23)
??? cˆkq? cˆykq??????????£
cˆkq; cˆ
y
kq0
¤
= ±qq0 ;
£
cˆkq; cˆkq0
¤
=
£
cˆykq; cˆ
y
kq0
¤
= 0 ; (4.24)
?????????. aˆki, aˆyki???????????????? (4.21)???????
??, ??????? (4.22)????????????.
Hˆ0 =
X
q¯
¸kq¯ cˆ
y
kq¯ cˆkq¯ +
Unc
2
X
q¯
³
2cˆykq¯ cˆkq¯ + cˆk¡q¯ cˆkq¯ + cˆ
y
k¡q¯ cˆ
y
kq¯
´
; (4.25)
¸kq¯ =
X
l=x;y;z
4jJlj sin
µ
Θl + kld+
q¯ld
2
¶
sin
µ
q¯ld
2
¶
+ "²¯ : (4.26)
???Jl = jJljeiΘl???. ??q?k+q¯??????. ?????????¸kq = ¸kk+q¯
? ¸kq¯????????. ???? q¯i??????¡¼=d · q¯i · ¼=d????????
???? (i = x; y; z).
4.2 ???????????
??? cˆkq¯(t), cˆyk¡q¯(t)????????????.
i
d
dt
cˆkq¯(t) =
h
cˆkq¯(t); Hˆ0
i
= Tkq¯cˆkq¯(t) ; (4.27)
1??? J ????????, ????? nc(x)????? x! ¡x??????????, J ????
??. GP???????????? nc(x)??????????????????????, ?????
nc(x)??, J ?????????????. ????????? Θ = 0????????.
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??? doublet??
cˆkq¯(t) =
Ã
cˆkq¯(t)
cˆyk¡q¯(t)
!
: (4.28)
????. 2£ 2?????? Tkq¯???????????.
Tkq¯ =
Ã
(¸kq¯ + Unc) Unc
¡Unc ¡(¸k¡q¯ + Unc)
!
: (4.29)
? (4.27)????????????
Tkq¯xkq¯ = !kq¯xkq¯ ; (4.30)
???????. ???? 2???????? ~!(§)kq¯ ???????x
(§)
kq¯ ?????. ?
?? ~!(§)kq¯ ????????????.
!
(§)
kq¯ = ~!
(1)
kq¯ § !(2)kq¯ ; (4.31)
!
(1)
kq¯ =
1
2
(¸kq¯ ¡ ¸k¡q¯) ; (4.32)
!
(2)
kq¯ =
q
Λ2kq¯ + 2UncΛkq¯ : (4.33)
???
Λkq¯ = (¸kq¯ + ¸k¡q¯) =2 ; (4.34)
???.
?? Tkq¯ ??????? BdG??????? T ?????????, !(+)kq¯ ? !
(¡)
kq¯ ?
BdG??????????????????, ???????????????????
?. ???? Tkq¯????? !(¡)kq¯ = ¡!(+)k q¯ ??????????. ?? Tkq¯?????
??, ?????? xkq¯???????????????.
??? !(+)kq¯ ???????????????????.
x
(+)
kq¯ = x
(+)
k¡q¯ =
Ã
ukq¯
vkq¯
!
: (4.35)
?????? !(¡)kq¯ ????????????
x
(¡)
kq¯ = x
(¡)
k¡q¯ =
Ã
vkq¯
ukq¯
!
; (4.36)
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???. ???
ukq¯ =
vuut1
2
Ã
1 +
Λkq¯ + Unc
~!(2)kq¯
!
; vkq¯ = ¡
vuut1
2
Ã
¡1 + Λkq¯ + Unc
~!(2)kq¯
!
; (4.37)
???. ukq¯, vkq¯??????
u2kq¯ ¡ v2kq¯ = 1 ; (4.38)
?????????????. ???????????????? Tkq¯????
O¡1kq¯Tkq¯Okq¯ =
Ã
!
(+)
kq¯ 0
0 !
(¡)
kq¯
!
; (4.39)
????????, ????? (4.27) ??????????.
i~
d
dt
Ã
®ˆkq¯
ˆ¯
k¡q¯
!
=
Ã
!
(+)
kq¯ 0
0 ¡!(+)k¡q¯
!Ã
®ˆkq¯
ˆ¯y
k¡q¯
!
; (4.40)Ã
®ˆkq¯
ˆ¯
k¡q¯
!
=
Ã
ukq¯ ¡vkq¯
¡vkq¯ ukq¯
!Ã
cˆkq¯
cˆyk¡q¯
!
: (4.41)
???Okq¯ =
³
x
(+)
kq¯ x
(¡)
kq¯
´
???. ?? !(+)kq¯ ?????????. ???? ®ˆkq¯ , ˆ¯
y
kq¯
???????????: ®ˆkq¯ = ˆ¯ykq¯ ????. bˆkq¯ = ®ˆkq¯ ??????, bˆkq¯?????
?????
[bˆkq¯; bˆ
y
kq¯0 ] = ±q¯q¯0 ; [bˆkq¯; bˆkq¯0 ] = 0 ; (4.42)
?????????, ???????????????: bˆkq¯(t) = bˆkq¯e¡i!
(+)
kq¯ t. ????,
???????????????????.
Hˆ0 =
X
q¯
!
(+)
kq¯ bˆ
y
kq¯ bˆkq¯ + (??): (4.43)
??????????? !(+)kq¯ ???????. ??????????????????
?????????????. ???????? !(+)kq¯ ???????????
cos2
µ
q¯d
2
¶
> cos(kd+Θ)
½
cos(kd+Θ) +
Unc
2J
¾
;
sin(kd+Θ) sin(q¯d) < 0 ; (4.44)
????. ??? "! 0?????.
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???????? !(+)kq¯ ? q¯ = 0????????????? " ! 0????????
??????.
"! 0 ~!k0 = ("²¯)
1
2 (2Unc + "²¯)
1
2 ! 0 : (4.45)
uk0, vk0? "??????
uk0 = (4"²¯)
¡ 1
4
(
®+
("²¯)
1
2
2®
)
+O
³
"
3
4
´
; (4.46)
vk0 = ¡(4"²¯)¡ 14
(
®¡ ("²¯)
1
2
2®
)
+O
³
"
3
4
´
; (4.47)
???. ???® = (Unc=2)1=4???. ??????????? "! 0????????
???????????????, ???????? uk0, vk0????????????
????. ??? q¯ = 0?????? (4.41)????????????. ???????
????????????????? [47] ???????????, ?????????
???????????. bˆk0, bˆyk0 ??????? qˆk, ?????? pˆk ????????
??.
qˆk =
ip
2
(bˆk0 ¡ bˆyk0) ; pˆk =
1p
2
(bˆk0 + bˆ
y
k0) : (4.48)
cˆk0, cˆ
y
k0? qˆk, pˆk ????????????.Ã
cˆk0
cˆyk¡0
!
=
Ã
("²¯)
1
4 (2®)¡1 ¡i®("²¯)¡ 14
("²¯)
1
4 (2®)¡1 i®("²¯)¡
1
4
!Ã
pˆk
qˆk
!
: (4.49)
??????? [qˆk; pˆk] = i???????????????
Pˆk =
p
Nc("²¯)
1
4
®
pˆk ; Qˆk =
®p
Nc("²¯)
1
4
qˆk ; (4.50)
??? [51]. "! 0??? cˆk0? Qˆk, Pˆk??
cˆk0 = ¡i
p
NcQˆk +
Pˆk
2
p
Nc
; (4.51)
??????????. ?????????????????????, " ! 0????
???
Hˆ
(0)
0 =
1
2
("²¯)
1
2 (2Unc + "²¯)
1
2
¡
pˆk
2 + qˆk
2
¢
! IPˆk
2
2
("! 0) ; (4.52)
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???. ??? I = U
Is
???. ???????? BdG???????????????
???????????, " ! 0????????????????? Qˆk, Pˆk????
?????????.
?????? (4.30)???? !(§)kq¯ ???Λ2kq¯ + 2UncΛkq¯ < 0???????????
??. ??????????????????????.
cos(kd+Θ)
½
cos(kd+Θ) sin2
µ
q¯d
2
¶
+
Unc
2J
¾
< 0 : (4.53)
??? "! 0?????. ??? (4.44), (4.53)??? 4.1??????????????
??.
0.5 1 1.5 2 2.5 3
0.5
1
1.5
2
2.5
3
0.5 1 1.5 2 2.5 3
0.5
1
1.5
2
2.5
3
S L D
L
S L D
I I IIII III
??? ???
? 4.1: ????????????????? (a) ncU=jJ j = 1, (b) ncU=jJ j = 2??????????
???????. ?????? S, L, D???? ~!(+)kq¯ ??, ?, ??????????????????.
?? I?????????????, II?????????????, III???????????????
??????.
??? !(§)kq¯ ????????????? ®ˆkq¯, ˆ¯kq¯????????????????
??®ˆkq¯ 6= ˆ¯ykq¯. ®ˆkq¯ = Aˆkq¯, ˆ¯kq¯ = Bˆykq¯ ?????? Aˆkq¯, Bˆkq¯????????????.£
Aˆkq¯; Bˆ
y
kq¯0
¤
= ±q¯q¯0 ;
£
Aˆkq¯; Aˆ
y
kq¯0
¤
=
£
Bˆkq¯; Bˆ
y
kq¯0
¤
= 0 : (4.54)
????????????????????????. ?? Aˆkq¯, Aˆyk¡q¯, Bˆkq¯, Bˆ
y
k¡q¯, ??
????
Aˆkq¯ = iAˆ
y
k¡q¯ ; Bˆkq¯ = ¡iBˆyk¡q¯ ; (4.55)
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????. Aˆkq¯, Bˆkq¯????????????????:
Aˆkq¯(t) = e
¡i!(+)kq¯ tAˆkq¯ ; Bˆ
y
k¡q¯(t) = e
¡i!(+)¤kq¯ tBˆyk¡q¯ : (4.56)
????, ???????? Aˆkq¯, Bˆkq¯?????????????.
Hˆ0 =
X
q¯
Ã
~!(+)kq¯
2
Bˆykq¯Aˆkq¯ +
~!(+)¤kq¯
2
Aˆykq¯Bˆkq¯
!
: (4.57)
?????????????????, ??????????????????????
???????????????????? Fock???????????????.
???????????????, ??????????? 4.1?????? III?. ?
??????????????????? q¯r???????????????? q¯c ??
?. ?????, ????, ????????????????????????/
Hˆ0 =
IPˆk
2
2
+
X
q¯r 6=0
~!(+)kq¯r bˆ
y
kq¯r
bˆkq¯r +
X
q¯c
Ã
~!(+)kq¯c
2
Bˆykq¯cAˆkq¯c +
~!(+)¤kq¯c
2
Aˆykq¯cBˆkq¯c
!
: (4.58)
????? Áˆ(x)????????????????.
Áˆ(x; t) =
X
q¯r 6=0
³
ukq¯rfkq¯r(x)bˆkq¯r(t) + vkq¯rfkq¯r(x)bˆ
y
k¡q¯r(t)
´
+
X
q¯c
³
ukq¯cfkq¯c(x)Aˆkq¯c(t) + vkq¯cfkq¯c(x)Bˆ
y
k¡q¯c(t)
´
¡ iΨ0;kQˆk(t) + fk0(x)
2
p
Nc
Pˆk(t) : (4.59)
4.3 ??
???????????????. ???????????????????????
Fock???????????. ??, ???? Qˆk, Pˆk????????Fock?????
????????????? jΨi???. jΨi????????????, ?? jΨi???
hΨjQˆkjΨi = hΨjPˆkjΨi = 0?????????.
?????????????????????. ????????????.
Vˆ = exp
hX
q¯
iµkq¯Gˆkq¯
i
;
Gˆkq¯ = i
³
cˆkq¯ cˆk¡q¯ ¡ cˆykq¯ cˆyk¡q¯
´
: (4.60)
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??? µkq¯ = µRkq¯ + iµIkq¯???????. µkq¯?????????? Vˆ ????????
??????????. Vˆ ??????? cˆkq¯, cˆyk¡q¯ ???????????.
Vˆ
Ã
cˆkq¯
cˆyk¡q¯
!
Vˆ ¡1 =
Ã
cosh(µkq¯) ¡ sinh(µkq¯)
¡ sinh(µkq¯) cosh(µkq¯)
!Ã
cˆkq¯
cˆyk¡q¯
!
: (4.61)
?????, ??? cˆkq¯, cˆykq¯ ?? bˆkq¯, bˆ
y
kq¯ , ?? Aˆkq¯, Bˆ
y
kq¯ ?????????????.
cˆkq¯, cˆ
y
kq¯ ?? bˆkq¯, bˆ
y
kq¯ ?????
µIkq¯ = 0 ; cosh µ
R
kq¯ = ukq¯ ; sinh µ
R
kq¯ = vkq¯ ; (4.62)
?????????????. ??, ????????? Aˆkq¯, Bˆykq¯ ?????????
?????.
µIkq¯ = ¡
¼
4
;
1p
2
¡
cosh µRkq¯ ¡ i sinh µRkq¯
¢
= ukq¯ : (4.63)
???, ???????? Aˆkq¯, Bˆykq¯ ?????????????????????. ?
?, ?????????????????????. Vˆ ??????????????.
Aˆkq¯c = Vˆ cˆkq¯cVˆ
¡1 ; Bˆyk¡q¯c = Vˆ cˆ
y
k¡q¯cVˆ
¡1 ; (4.64)
Aˆykq¯c = V
¡1ycˆykq¯cV
y = ¡iAˆk¡q¯c ; (4.65)
Bˆk¡q¯c = V
¡1ycˆk¡q¯cV
y = ¡iBˆykq¯c : (4.66)
?, Vˆ ????????????????.
j0iA = Vˆ j0ic ; j0iB = Vˆ ¡1yj0ic ; (4.67)
Ah0j = ch0jVˆ y ; Bh0j = ch0jVˆ ¡1 : (4.68)
??? j0ic? cˆkq¯??????????:cˆkq¯cj0ic = 0???. ?????????? j0iA
? Aˆkq¯c , Aˆ
y
kq¯c
???, j0iB? Bˆkq¯c , Bˆykq¯c ???????????????.
Aˆkq¯c j0iA = Aˆykq¯c j0iA = Bˆkq¯cj0iB = Bˆykq¯c j0iB = 0 ; (4.69)
Ah0jAˆkq¯c = Ah0jAˆykq¯c = Bh0jBˆkq¯c = Bh0jBˆykq¯c = 0 : (4.70)
??????? (4.54)????????? j0iA, j0iB????????????????
?????.
Hˆ0j0iA = ¡
ÃX
q¯c
~!(+)¤kq¯c
2
!
j0iA ; Hˆ0j0iB = ¡
ÃX
q¯c
~!(+)kq¯c
2
!
j0iB : (4.71)
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?? Ah0j, Bh0j?????
Ah0jHˆ0 = ¡
ÃX
q¯c
~!(+)kq¯c
2
!
Ah0j ; Bh0jHˆ0 = ¡
ÃX
q¯c
~!(+)¤kq¯c
2
!
Bh0j ; (4.72)
???. ??? j0iA? Bˆykq¯? j0iB? Aˆykq¯?????????????????????
????.
jNCiA ´ jnq¯c1 ¢ ¢ ¢nq¯ciiA =
Y
q¯cj
s
1
nq¯cj !
(Bˆykq¯cj )
nq¯cj j0iA ; (4.73)
jNCiB ´ jnq¯c1 ¢ ¢ ¢nq¯ciiB =
Y
q¯cj
s
1
nq¯cj !
(Aˆykq¯cj )
nq¯cj j0iB : (4.74)
???? (4.54)?????????, ???????????????????????
?????????.
Hˆ0jNCiA =
X
q¯c
Ã
nq¯c~!
(+)
kq¯c
¡ ~!
(+)¤
kq¯c
2
!
jNCiA ; (4.75)
Hˆ0jNCiB =
X
q¯c
Ã
nq¯c~!
(+)¤
kq¯c
¡ ~!
(+)
kq¯c
2
!
jNCiB : (4.76)
jNCiA, jNCiB???? Fock??????? Fock?????????????????
?. ??????????????????????.
Vˆ ??????????????? Ah0j0iA = 1??????. Ah0j0iA??????
??????????.
Ah0j0iA = ch0j exp
h
i
¼
2
X
q¯c
³
cˆkq¯c cˆk¡q¯c ¡ cˆykq¯c cˆyk¡q¯c
´ i
j0ic : (4.77)
???, j»i???????????????.
j»i ´ exp
hX
q¯c
¡»
³
cˆkq¯c cˆk¡q¯c ¡ cˆykq¯c cˆyk¡q¯c
´ i
j0ic
= exp
h
¡ ln cosh » +
X
q¯c
cˆykq¯c cˆ
y
k¡q¯c tanh »
i
j0ic : (4.78)
j»i???? Ah0j0iA???????????:Ah0j0iA = ch0j» = ¼2ii. ??? » ! ¼2i ?
???? Ah0j0iA??????????. ??? Bh0j0iB???????????. ??,
? (4.67)–(4.68)??
Ah0j0iB = Bh0j0iA = 1 ; (4.79)
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???, ???? (4.54)???????????.
AhN 0CjNCiB =
Y
q¯cj
±n0¯qcjnq¯cj
; BhN 0CjNCiA =
Y
q¯cj
±n0¯qcjnq¯cj
: (4.80)
jNCiA, jNCiB ?????????????. ??
jNCic ´
Y
q¯cj
s
1
nq¯cj !
(cˆykq¯cj )
nq¯cj j0ic : (4.81)
???????????.
1C =
X
NC
jNCic chNCj : (4.82)
??? 1C?????????????????????????. ? (4.82)????
?? Vˆ ???? Vˆ ¡1 ?????, cˆykq¯c ! Aˆykq¯c , j0ic ! j0iA ????????????
jNCiA, BhNCj ??????? (4.82)???????????.
1C =
X
NC
Vˆ jNCic chNCjVˆ ¡1 =
X
NC
jNCiA BhNCj : (4.83)
??? jNCiB, AhNCj??????? (4.82)????????.
1C =
X
NC
jNCiB AhNCj: (4.84)
???? BhNCj? jNCiA??????????????.
4.4 ???????
????????????????????????????????. ???, ??
?????????????? Fock??????????????. ????????
????????? jNCiA, jNCiB ????????????. ???????????
?, ???????????????????????.
??????????, ?????????????????????, ??????
??????????????????????????. ?????????????
? [36]??????????????????????????????. ????, ?
????? jΩi?????????????, ??????????????.
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i) hΩjΨˆ(x)jΩi = ³(x) :
ii) hΩjΨˆy(x)Ψˆ(x)jΩi???????? :
iii) Gˆ??????????, ??? hΩjGˆjΩi????? .
iv) hΩjΩi = 1 :
???, hΩj? jΩi????????. i), ii)????????????????????
?, iii)???????????????????????. iv)????????. ??
? jNCiA? jNCiB??????????????.
jNCi© ´ 1p
2
(jNCiA © jNCiB) ; ©hNCj ´ 1p
2
(BhNCj © AhNCj) : (4.85)
????????, ?? ©hNCj, jNCi© ?????????????????. ????
??? (4.85) ????, ?????????.
4.5 ???????????
???????????????????????????????, ???????
??????. ?????????? [54]?????????, ???????????.
??, ???????????????????. ???, ?????????????
??????. ????????????????????????GP???????
?????????, ??????????????????????. ???????
??????????????.
4.5.1 ???
??? Ψˆ?????????????????????.
Ψˆ = Ψ0;k +
X
i
aˆkiwki
=
X
i
¡
eik¢xi
p
nc + aˆki
¢
wki : (4.86)
aˆki????????? Qˆk????, ???????????????. ???????
??????????, ????? Qˆk???????????.
Ψˆ = e¡iQˆk
X
i
eik¢xi (
p
nc + aˆ
0
ki)wki : (4.87)
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??? aˆ0ki?
aˆ0ki(t) =
X
q¯r 6=0
eiq¯r¢xi
I
1
2
s
cˆkq¯r(t) +
X
q¯c
eiq¯c¢xi
I
1
2
s
cˆkq¯c(t) +
Pˆk
(IsNc)
1
2
; (4.88)
cˆkq¯r(t) = ukq¯r bˆkq¯re
¡i!(+)kq¯r t + vkq¯r bˆ
y
k¡q¯re
i!
(+)
k¡q¯r t ; (4.89)
cˆkq¯c(t) = ukq¯cAˆkq¯ce
¡i!(+)kq¯c t ¡ iu¤kq¯cBˆyk¡q¯ce¡i!
(+)¤
kq¯c
t ; (4.90)
???. ??????? Nˆ ? i-???????????? ½ˆi ????????????
??.
Nˆ =
X
i
½ˆi(t) ; (4.91)
½ˆi(t) = ½ˆ
(0)
i (t) + ½ˆ
(ex)
i (t) ; (4.92)
½ˆ
(0)
i (t) = nc + n
1
2
c aˆ
0
ki(t) + n
1
2
c aˆ
0y
ki(t) ; (4.93)
½ˆ
(ex)
i (t) = aˆ
0y
ki(t)aˆ
0
ki(t) : (4.94)
???????????????????.
Hˆper(t) =
Z
d3x ΨˆyVper(x; t)Ψˆ
=
X
i;j
±Vij(t)
³
nc + n
1
2
c aˆ
0
kj + n
1
2
c aˆ
0y
ki + aˆ
0y
kiaˆ
0
kj
´
: (4.95)
???
±Vij(t) =
Z
d3xw¤ki±Vperwkj ; (4.96)
???. ?????????????????????????,??????? ±Vij(t) '
±Vij(t)±ij????. ??????????????? (4.95) ????????.
Hˆper(t) =
X
i
±Vi(t)½ˆi(t) : (4.97)
??? ±Vi(t) ´ ±Vii(t)???. ????????????????, i-????????
????? h±½ˆi(t)i ???????????.
h±½ˆi(t)i = h±½ˆ(0)i (t)i+ h±½ˆ(ex)i (t)i ; (4.98)
h±½ˆ(0)i (t)i =
X
j
1
i~
Z t
¡1
dt0 h[½ˆ(0)i (t); ½ˆj(t0)]i±Vj(t0) ; (4.99)
h±½ˆ(ex)i (t)i =
X
j
1
i~
Z t
¡1
dt0 h[½ˆ(ex)i (t); ½ˆj(t0)]i±Vj(t0) : (4.100)
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?????? h¢i? hN j ¢ jNi???????. jNi????????? Fock?? jNi,
????????????????? jΨi, ????????????????????
jNCi©, ???????????????????.
jNi = jΨi ­ jNRi ­ jNCi© ; (4.101)
jNRi ´ jnq¯r1 ¢ ¢ ¢ ib =
Y
q¯rj
s
1
nq¯rj !
(bˆykq¯rj )
nq¯rj j0ib : (4.102)
? (4.99)???????? h£½(0)i (t); ½j(t0)¤i??????????????.
h£½(0)i (t); ½j(t0)¤i = 2incIs X
q¯ 6=0
(ukq¯ + vkq¯)
2 sin
n
q¯ ¢ (xi ¡ xj)¡ !(+)kq¯ (t¡ t0)
o
:
(4.103)
????????, ???? h£½(0)i (t); ½j(t0)¤i??????? Pˆk???????????
??. ? (4.100)???????? h£½(ex)i (t); ½j(t0)¤i ?????????????.
h£½(ex)i (t); ½j(t0)¤i = 2ihPˆ 2kiI2sNc
X
q¯ 6=0
(ukq¯ + vkq¯)
2 sin
n
q¯ ¢ (xi ¡ xj)¡ !(+)kq¯ (t¡ t0)
o
+
2i
I2s
X
q¯1;q¯2 6=0
©
(nq¯1 + 1)(n q¯2 + 1)¡ nq¯1n q¯2
ª
£Re
h
ukq¯1vkq¯2(ukq¯1vkq¯2 + ukq¯2vkq¯1)
£ sin
n
(q¯1 ¡ q¯2) ¢ (xi ¡ xj)¡ (!(+)kq¯1 + !
(+)
k¡q¯2)(t¡ t0)
oi
:
(4.104)
???? h£½(ex)i (t); ½j(t0)¤i??????????? hPˆ 2ki????????. ??????
????????????? h£½(ex)i (t); ½j(t0)¤i?????????????, ?????
??????????????.Ã
nc +
hPˆ 2ki
IsNc
!
2i
Is
X
q¯ 6=0
(ukq¯ + vkq¯)
2 sin
n
q¯ ¢ (xi ¡ xj)¡ !(+)kq¯ (t¡ t0)
o
: (4.105)
????? hPˆ 2ki???????????? jΨi??????????????????
?. jΨi????????????????, ? 3??????????? Pˆk?????
?????????.
Ψ0;k(Nc + Pˆk) ' Ψ0;k(Nc) + PˆkY¡1 : (4.106)
60
??? Pˆk??????Nc????????????????????. ??????,
??????? Nˆc ???????????.
Nˆc = Nc + Pˆk : (4.107)
Nˆc??????????Nc????. Nˆc??????Nc??? (∆Nc)2??????,
(∆Nc)
2 = hNˆ2c i ¡ (hNˆci)2 = hPˆ 2ki ; (4.108)
??????? hPˆ 2ki ?????Nc??????????????.
????????????????????????. ? (4.103)?????????
Nc??????????? hPˆ 2ki ?????????.
Nc +
hPˆ 2ki
Nc
: (4.109)
??????, ? 2??????????, ?????????????????????
??. ???????????????????????????????, ?????
???????, ???????????? 1%??????????????????
????????????. ???????????????????????????
?
p
Nc????????????????. ???, ????????????????
? hPˆ
2
ki
Nc
' O(1)??????????. ?????Nc????????????????
??????????????. ???????????????????? [47, 52, 53]
??????????????. ??????? Is !1, Nc !1 ?????????
Pˆk????????????? 2??????????. ???, ??????????
?????. ???????????????????, ??????????????
????????????. ????????????????????????.
4.5.2 ????
????GP???????????????????????GP????????.
i~
@
@t
Ψi = ¡J(Ψi¡1 +Ψi+1) +
¡
±Vi + U jΨij2
¢
Ψi : (4.110)
??? jΨij2? i-?????????????. ?????????? ±Vi(t) ?????
???, ??GP????????????
Ψ
(in)
i (t) = n
1
2
c e
ikxie¡
i
~¹t ; (4.111)
¹ = ¡2jJ j cos(kd) + Unc : (4.112)
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?????????????? i-???????????????????????.
±ni(t) = jΨi(t)j2 ¡ jΨ(in)i (t)j2 : (4.113)
???????????? ±Vi(t)????????????????.
±Vi(t) = S exp
µ
¡(xi ¡ Isd=2)
2
¾2
¶
µ(t¡ t0) : (4.114)
????????????? t = t0????????????????????????
???????. ??????????????????????????? i-????
???? h±½ˆi(t)i ????????????.
h±½ˆi(t)i =
Ã
nc +
hPˆ 2ki
IsNc
!
2S
~Is
X
j;q¯
exp
µ
¡(xj ¡ Isd=2)
2
¾2
¶
(ukq¯ + vkq¯)
2
!
(+)
kq¯
£
h
cos
n
q¯(xi ¡ xj)¡ !(+)kq¯ (t¡ t0)
o
¡ cosfq¯(xi ¡ xj)g
i
+
2S
~Is
X
j
X
q¯1;q¯2 6=0
exp
µ
¡(xj ¡ Isd=2)
2
¾2
¶
(1 + nq¯1 + n¡q¯2)
£Re
·
ukq¯1vkq¯2(ukq¯1vkq¯2 + ukq2vkq1)
(!
(+)
kq¯1
+ !
(+)
k¡q¯2)Is
£
n
cos
¡
(q¯1 ¡ q¯2)(xi ¡ xj)¡ (!(+)kq¯1 + !
(+)
k¡q¯2)(t¡ t0)
¢
¡ cos ¡(q¯1 ¡ q¯2)(xi ¡ xj)¢o¸ : (4.115)
???????????????????????2.
S=J = 0:0001 ; U=J = 0:01 ; ¾=d = 0:2 ; Is = 51 ; nc = 2 : (4.116)
???????????? (4.115) ??? jNi???????????. ???????
????????????????????????:
jNRi = j0ib ; (4.117)
??????????. ??????????????? kd = ¼=2?????????
??? 4.1????. ? 4.2?????????????????? (a) kd = 10¼=51, (b)
kd = 20¼=51??????????????????. ? 4.2????????????
????????????????GP???????????????.
2??????? GP??????????????, Θ = 0???.
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DNSE
LRT
(b)
T
? 4.2: ????? 10 ?????????????????????????????????:(a)
kd = 10¼=51, (b) kd = 20¼=51???????. (a),?b)?????????????????????.
?? T ? T = Jt???????????. ???????GP????????:±n10(T ) ???, ???
?????????:h±½ˆ10(T )i???.
??????????????????????????. ????????????
????, ?????????????:
jNCi© = j0i© : (4.118)
?????. ? 4.3???????????????? kd = 26¼=51 ????, 10???
???????????????????????????????. ????????
??????????????????????, ?????????????????
??????????. ??, ??????????????, ???????????
?GP?????????????????????. ?????????????GP
??????????????????????, ????GP???????????
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??????.
???????????????????????????????. ???????
?????????, ???????????????. ????????????GP
????????????. ????? q¯c = 2¼=51???????????
jNCi© = j0 ¢ ¢ ¢nq¯c ¢ ¢ ¢ 0i© ; (4.119)
???????????? 4.4??????. ????????? nq¯c???????, ?
????????????????????. ???????????????????
????????????, ??????????????????.
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?5?
??????
???????????? BEC?????????????????????. ??
?????????????????????.
? 2??????????????, ??????BEC??????????. 2.1?
????????BEC????????????????. ???????????, ?
????????????? s?????????????, ????????????
?????????????????????. ??, ??????BEC???????
?????????? Bogoliubov?????????. ??????????????
???????? c?????????, ???????????????????, ?
??????????????????????????. 2.2???????????
???????????????????????, ????????????????
??????. 2.3?????? (????)?????????GP???????, ?
??????????. ??, ??????????????????? BEC????
?????. 2.4?????????????????????????BdG?????
??, ????????. BdG??????????????????????????
?, ?????????????????????, ????????, ???????
?????????. ??, ???, ??????????????????, ?????
???????, ?????????????????????????????. ??,
BdG??????????????????????, ???????????????
?????????????????????????. ??????????????
??BdG????????????, ?????????????????????. ?
?? BdG?????????????????????????????. ?????
?? [30, 31]??????, ???????????????????. 2.5??????
??????, ??????BEC?????????. ????BdG????????
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?????????????????????????. ??, ???????????
???????????????-Goldstone???????????. ????????
?????????????, ?????????????????????. ????
?????????????????????????. ??????????, ???
???????????????????????, ????????????????
???. 2.6????????????????????????. ?????????
????????????????????????. ???????????????
????????????, ???????????????????????, ???
?????????????????. ??, ???????BdG??????????
?????????????????, ??????????????????????
?????.
? 3?????????????????????????. ???????????
???????????????????????. ???????????????,
BdG?????????????????????????????????????
?. ?????????GP???????????????????????????
??????????????????. ????, ?????, ??????????
?????????????????, ??????????. ???, ? 2?????
?????????????????, ??????????????????????
???????. ??? 2????????????????????????????
???????????, ????????????????????????????
??. ??, ??? 1????????????????, ?????????????
?. ???, ???????????????????????????????. ??,
??? 2??????????????????????????????. ?????
???????????, ?????????????, ??????????????
?????????????. ??, ???????????????????????
?????. ???, ?????????????????, ????????????
?????????. ??????????????????????????????
??????????????? ???????. ????????????????
?????????. ??, ????GP?????????????????????
??????????????????????. ?????????????????
????????????????????????????????????. ??,
???????????????????????????????????????
??????????????. ?????????????????????????
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?, ??????????????????. ???????, ??? (???)????
???????, ????????????????????????????????
??????.
? 4???????????? BEC??????????, ???????????
?????. ??????????????????????GP??????????
??, ????????????????????????????????. ????
??????????????????, ???????????????. ???, ??
???????????????????????. ???????????????,
??-Goldstone???????????????????????????????. ?
???????????????????????????????????????
???????????. ??, ?????????????Fock??????????
?, ?????????????????????????. ????????????,
?????????????????. ?????????? [36]??????????
??, ?????????????. ???????????????????????
??. ???, ?????????????????????????. ??, ? 2???
??????????, ??????????????????????. ???, ??
??????????????????. ? 3??????????????, ????
????????????????????????????????????, ???
????????????????????????????????????. ??,
????, ??????????????????????????????????.
???????????????????????, ????GP??????????
?. ???????????????????????????????????GP?
?????????????????, ????GP????????????????
??????. ??, ????????????????????????????. ?
???, ?????????????????, ??????????????????
?????. ???????????????????????????????. ??
????????????????????????????????, ???????
????????????????????????.
??????????????????????.
???????????????, U(1)????????????????????
?, ????????????????????????. ???????? BEC??
???????????????????????????????????????,
?????????????????????. ????????, ?????????,
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??????????, ????????????, ?????????????, ???
??????????????????????.
? 3?????????????????????????????????????
?. ? 4??????????????????????????????, ?????
????????. ???????????????, ???-????????????
???????????. ??? Áˆ????????????????????????
????????, ?????????, ?????????????????????
?. ????, ??????????????????????. ??????????
????????????????, ?????????????????????. ?
?, ???-???????????????????????????????????
????????.
??????????????????????????????. ? 3??????
GP?????????????, ? 4??????????????????????
??????????. ?????????????????????????????
????????????????????????. ???????????????
??????????.
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? ?A
??????
????????? BdG???????, ???????????????????
??. ??????????, ????? 2,3???????????????????
??????????, ????????????????????. ????????
???????????????.
???????????????????????.
((X;X 0)) =
Z
d3xXy(x)¾3X 0(x) : (A.1)
??????????BdG??????? T ???????????:
((X; TX 0)) = ((TX;X 0)) : (A.2)
???????????????, ????????????
(!(K)¤n ¡ !(K
0)
n0 )((X
(K)
n ;X
(K0)
n0 )) = 0 ; (A.3)
?????. ??????????????????????. BdG?????????
?????, ???????????
((X(K)n ;X
(K0)
n0 )) = K±KK0±nn0 ; (A.4)
???, X(K)n ???????????. ??, ???????????????????
???????.
jjX(K)m jj = ((X(K)m ;X(K)m )) = 0 : (A.5)
????? !(K)m ???????X(K)m ???, ?????? !(K)mc = !
(K)¤
m ??????
?X(K)mc ????????.
((X(K)mc ;X
(K)
m )) = KC : (A.6)
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???C??????, ??????????. ? 2,3???C = 1?????????
???. ????????????????????????????????????
????. ? 2,3????????????????????????????????.
? 4?????????? Tkq¯?BdG??????? T ?????????????
?. ?? Tkq¯????????.
¾3T
y
kq¯¾3 = Tkq¯ ; (A.7)
¾1Tkq¯¾1 = ¡T yk¡q¯ : (A.8)
? (A.8)??, ???
x
(¡)
k¡q¯ = ¾1x
(+)
kq¯ ; (A.9)
???. ????????????????.
((x;x0)) = xy¾3x0 : (A.10)
??? x???? 2?????? x = (x1; x2)t ???. ?????????????³
!
(K0)¤
kq¯ ¡ !(K)kq¯
´
((x
(K0)
kq¯ ;x
(K)
kq¯ )) = 0 ; (A.11)
???. ??? !(K)kq¯r ????????, ????
((x
(+)
kq¯r
;x
(+)
kq¯r
)) = 1 ; ((x
(¡)
kq¯r
;x
(¡)
kq¯r
)) = 1 ; ((x
(+)
kq¯r
;x
(¡)
kq¯r
)) = 0 ; (A.12)
???. ????????? jukq¯rj2 ¡ jvkq¯rj2 = 1????. !(K)kq¯r ?????? ukq¯r , vkq¯r
??????????????? u2kq¯r ¡ v2kq¯r = 1???. ??? !(K)kq¯c ????????
?, ????????????.
((x
(+)
kq¯c
;x
(+)
kq¯c
)) = ((x
(¡)
kq¯c
;x
(¡)
kq¯c
)) = 0 ; ((x
(¡)
kq¯c
;x
(+)
kq¯c
)) = C ; (A.13)
??? C ?????????. ???????? x(+)kq¯c ?????????? jukq¯rj2 ¡
jvkq¯rj2 = 0????????. !(K)kq¯r???????, ukq¯r , vkq¯r????????. ((x
(¡)
kq¯c
;x
(+)
kq¯c
)) =
C????????????, ? 4???C = i?? u2kq¯r ¡ v2kq¯r = 1 ?????????
??.
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? ?B
????????????????
??????? 3???????????????????????????????
??????. ??????????Y0??? P (t) ?????.
P (t) =
X
l
a¯lP (l)(t) : (B.1)
a¯??????????????,?????????????????. ?????BdG
????? 1??????? !c, !¤c ????????????. P (l)(t)????, ???
??? eljIm(!c)j(t¡t0) ???????????????. ???????? P (t)????
?????.
P (t) »
X
l
a¯lC(l)eljIm(!c)j(t¡t0) : (B.2)
??, ? (3.112)?? P (l)(t)???????. ??????C(l)???????????
?????. ???, ??????????.
jC(min)j
X
l
a¯leljIm(!c)j(t¡t0) < jp(t)j < jC(max)j
X
l
a¯leljIm(!c)j(t¡t0) : (B.3)
jC(min)j, jC(max)j?fjC(l)jg???????????????????. ??Pl a¯leljIm(!c)j(t¡t0)
?????????
t¡ t0 < log(1=a¯)jIm(!c)j ; (B.4)
??????????????????.
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??
???????????, ??????????????????????????.
???????????????????????????????????. ????
??, ?????????????, ?????????????????????, ?
??????. ?????????????????????????????????
?????????????????????????, ????????, ?????
???, ?????????????. ???????????????, ??????
?????????????????. ??, ???????????????????
??????????????. ?????, ?????, ?????, ?????, ??
??, ?????????????, ???????????????????????
???. ?????, ?????, ?????, ?????, ?????, ?????, ??
???, ??????, ?????, ?????, ?????, ?????, ?????, ?
????, ?????, ????, ?????, ?????, ?????, ?????, ??
??, ?????, ????, ????, ??????, ??????, ?????, ???
?, ?????, ?????, ???????????????????????????
???????. ??, ?????????????????????????????,
????????????. ???????????.
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